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Representation of | ce Geometry by Parametric Functions:
Construction of Approximating NURBS Curves and Quantification of
Ice Roughness—Year 1: Approximating NURBS Curves

Loren H. Dill
The University of Akron
Akron, Ohio 44325

Abstract

Software was developed to construct NURBS curves that approximate the geometries of iced airfails.
Users specify atolerance that determines the extent to which the approximating curve follows the rough
ice. Thisability to smooth the ice geometry in a controlled manner will assist the generation of grids
suitable for numerical aerodynamic simulations, and ultimately aid studies of the effects of smoothing
upon the aerodynamics of iced airfoils. The software was applied to several different types of iced airfoil
data collected in the Icing Research Tunnel at NASA Glenn Research Center, and was found to efficiently
generate suitable approximating NURBS curves for all geometries. This method is an improvement over
the current “ control point formulation” of Smagglce (v.1.2). Inthis report, we present the relevant theory
of approximating NURBS curves and discuss typical results of the software.

I ntroduction

The detrimental effect of ice upon airfoil performance haslong been a safety concern, and is largely
studied using experimental models in special wind tunnels such as the National Aeronautics and Space
Administration’s Icing Research Tunnel at the Glenn Research Center. In recent years, the reduced
aerodynamic performance of airfoils with moderate ice has been successfully simulated via computational
fluid dynamics (CFD) [1-4]. There is hope that CFD can be used to simulate aerodynamic performance
under more general icing conditions. Experimental and computational efforts would then serve more
complementary rolesin the development of safe aircraft, and safety margins could be enhanced at reduced
Ccosts.

In general, the presence of ice on an airfoil greatly increases the difficulty of a CFD analysis over that of a
clean airfoil. The ice often has deegp narrow crevices and exhibits varying degrees of roughness. The
associated flow over iced airfoilsis very complex. In particular, existing grid generation codes are
generally ill equipped to accommodate the wide variety of shapes and sizes of icethat istypically found
on an airfoil. Soinstead of being automated asit isfor a clean airfoil, the generation of quality gridsfor
iced airfoilsis frequently alabor intensive, interactive process. To address this problem, NASA has been
developing an interactive software toolkit [5] called Smagglce 2D. This software enables the user in the
tasks of geometry preparation, domain decomposition, block boundary discretization, gridding, and
linking to the flow solver for atwo-dimensional airfail.

The current version (v1.2) of Smagglce 2D provides an option to represent the ice geometry viaa Non-
Uniform Rationa B-Spline (NURBS) curve [6-8]. NURBS have a number of attractive features,
including fast and numerically stable algorithms, and easy-to-understand geometric interpretations.
Designers of the current software found it convenient to place the control points of the NURBS curve on
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the x-y data that specifies the ice geometry. Ordinarily, control points are not placed on the geometry to
be represented, but in this case the error is small due to the large number and high density of the given
data. Nodes are later placed along the representation for numerical simulation.

Smoothing of the ice geometry representation is often required to generate a quality grid by state-of-the-
art grid generators. Smagglce 2D permits the user to smooth the NURBS representation by reducing the
number of control points[5]. In this method, the user can only coarsely control the smoothed NURBS
representation of the ice geometry. This smoothing facilitates the subsequent gridding and numerical
simulation, but the lack of control makes it difficult to access the effects of smoothing on the CFD results.
In our approach, the user requires the NURBS curve to satisfy atolerance, i.e., a characteristic distance
between the ice geometry and its representation. In thisway, a user can more precisely control the extent
to which the representation is smoothed. Not only will this ease the difficulty of generating quality grids
over ice, but it will also aid investigation of the relation between ice roughness and aerodynamic
characteristics of the iced airfoil.

We developed a software package that usesa NURBS curve to represent a two-dimensional cross-section
of theice surface as closely as desired by specification of atolerance. Given a set of point data that
defines the two-dimensional ice geometry, the software finds a NURBS representation to within the
specified tolerance, which may be expressed either as a maximum distance or as a maximum root-mean-
square (rms) distance between equivalent points of the curve and the prescribed data. The user is given
various suitable options that further modify the NURBS representation, including the degree of the
NURBS basis functions and whether or not to fix end-point derivatives. The latter option was found to
permit the achievement of tighter tolerances. The code was applied to awide range of experimenta data
from the Icing Research Tunnel, and was found both robust and efficient in all cases. In thisreport, we
further document this software by providing requisite theory and typical results. The FORTRAN 77 code,
which isincluded as an appendix, is available for inclusion in the next version of Smagglce 2D (v1.8).

Theory

We here review the theory of Non-Uniform-Rational-B-Splines. Our emphasisis upon generating a curve
C(u) = (x(u), y(u)) that approximates prescribed data points Q, (k=0,1,...,mdata) in two dimensions.
Both the theory presented bel ow and the software are limited to alarge subclass of NURBS curves, the
non-rational B-spline curves, to avoid nonlinearities associated with determining all parameters needed in
the more general class. B-spline curves (we henceforth drop the word non-rational) cannot exactly
represent certain curves (e.g., perfect circles) that amore general NURBS can. Nevertheless, a B-spline
can represent any smooth curve to within atolerance, which is all that is needed in the present application.
A list of symbolsis provided in Appendix A.

Preliminaries
We represent a B-spline curve as the finite sum,

CW =3 N, (WP, @

with curve parameter uintheinterval [0,1], P, the control pointsin atwo-dimensional space, and
N; ,(u) the pth degree B-spline basis functions. These basis functions are defined on a knot vector
U ={uy,....Uro} »

where u, (i =0,...,mknot) are the knots. For present purposes, the knot vector has the form

NASA/CR—2004-213071 2



U= 0,0,...,O,up+1,up+2,...,umot_p_l,LL...,l}, (2

p+1 p+l

in which the unknown knots increase in numerical order in the open interval (0,1). Knowledge of the
degree p (which the user provides), the knot vector U, and the control points P. isrequired to fully
specify a B-spline. In the procedure to be described below, a sequence of approximating B-splinesis
generated. When the procedure is successful, each spline in the sequence more closely represents the
given data.

Piegl and Tiller [6] furnish several properties of the basis functions and B-spline curves. We herelist
those that are most relevant to the present application, and refer the interested reader to Piegl and Tiller
for additional details and references.

Non-zero basisfunctions: According to the local support property, N;,(u) = 0 for u outside the interval
[Ui,Ui+pa). It follows that for any given value of the curve parameter u, at most only p+1 of the n+1
basis functions that appear in Equation (1) are non-zero. Therefore, for any value of u, only p+1
consecutive terms in the equation actually need to be determined and summed.

Efficient computation of basisfunctions: Given avalue u of the curve parameter and a knot vector U,
the non-zero basis functions may be computed simultaneously and efficiently.

Relation between the number of knots, the number of termsin the sum, and the degree: These three
guantities are related by the simple equation

mknot =n+ p +1, 3

after subtraction of one from both sides. In the iterative procedure discussed below, the degree p isfixed,
and mknot is increased so that the B-spline may more closely follow the ice geometry. This relation
requires an identical increasein n.

Continuity and differentiability of C(u): Given aknot vector of the assumed form, the associated B-
spline curve is continuous, infinitely differentiable in the interior of knot intervals, and at least p times
differentiable at each knot. The curvature of the B-spline is often required when determining the
placement of nodes along the curve for grid generation [9]. Calculation of curvature involves the second
derivative C'(u). Continuity of curvatureis assured if p=3.

Endpoint interpolation of C(u): At u=0 all basisfunctions are identically zero except No,(0) =1;
similarly, at u=1 all basisfunctions are identically zero except Nn(0) =1. It follows from Equation (1)
that a B-spline must interpolate the first and last control points: C(0) =P, and C(1) =P,. All B-splines of
interest to us also interpolate the first and last points of the prescribed ice geometry. Thisimmediately
leads to the conclusion that for our purposesfirst and last control points respectfully coincide with the
first and last data points:

PO = QO
Pn = deata'

Endpoint derivatives of C(u): First-order derivatives C'(0) and C'(1) of a B-spline are related to the
first and last pairs of control points via the respective expressions [6]

(4)
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C'(0) =u_p(P1 -R)

p+l

0 ()
CO=rrrF P
- umknot— p-1
These eguations may be solved for control pointsP, and P, , :
up+1 [
PJ_ = Qo +—C (0)
" ©®)
Pn—l = deata - . Cl(l)

The above relations will be useful in the development of B-spline representations that satisfy prescribed
endpoint derivative conditions.

Global Approximation by a B-Spline

Piegl and Tiller [6] offer a procedure for the global approximation of prescribed data by a B-spline curve
provided the endpoint derivatives are free. We summarize their method below, and later extend it to the
case for which endpoint derivatives are specified. In both cases, a suitable global approximation is
obtained by iteration. The user provides certain information such as the point datato be approximated, a
tolerance to be satisfied, and an initial value of n. Based upon thisinformation, an initial approximating
B-spline is developed using the method of |east-squares. This approximation is tested against the
tolerance requirement. If the requirement is met, the approximation is accepted. If not, the number of
knots and termsin Equation (1) isincreased and a new B-splineis generated. This process continues until
the specified tolerance is achieved or the processfails. Failure could occur, e.g., if the specified tolerance
istoo small.

Free Endpoint Derivatives

Thedata Q, , degree p of the approximating B-spline, an initial value of n, and atolerance requirement
are presumed given. Because we seek an approximating B-spline that interpolatesfirst and last data
points, first and last control points are given by Equation (4). The remaining control points and the knot
vector are obtained as follows. We first parameterize the given data; i.e., a parameter value isassigned to
each data point. While there are several ways in which this can be done, the chord length method is
generally satisfactory. Let d bethetotal chord length,

mdata-1

d= > [Qus—Qul ()
k=0

and require first and last points to correspond to the respective parameter values U, =0 and U, =1.
The remaining data parameters are then defined by the recursive equation

— Q- Q

U =0, +% (8)
for k =1,...,mdata —1. These data parameters remain unchanged throughout the rest of the analysis. Data
points can be numbered from either end of the ice geometry. To be definite, we assume that points are
numbered consecutively from the upper to lower airfoil surface.
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Aninitial knot vector must be generated that in some sense corresponds to the distribution of data
parameters. Recall from Equation (2) that thefirst and last p+1 knots are identically zero and unity,
respectively. To determine the remaining knots, we define a new temporary variable d viathe expression

d:mclata+1

n-p+1’ ©

which represents the average number of data points per knot span of nonzero length. The remaining knots
are found from the following equations [6]:

i =int(j Od)
a=j0d-i (10)
Uy =@-a) b+ aln forF 1...,n- p

Here, the staircase function y =int(x) isthelargest integer suchthat y < x. The above definitionis
successful in placing at least one data parameter T, in every knot span of nonzero length if d >1.
Provided thisistrue, akey symmetric matrix (NN, which is encountered below) in the approximation
procedure is positive definite and well-conditioned [6-8], at least in theory.

Determination of theinternal control pointsP, (i =1,...,n-1) isthefinal major step in defining the initial
B-spline. These control points are selected so as to minimize the sum of the squared distances of the curve
from data points Q,,...,Q, a1 :

mdata-1

Z |Qk - C(Uk)|2

k=1

Take the derivative of this expression with respect to control point P and set the result to zero. This

operation yields n—1 equations that can be collectively represented by the matrix equation

(N'N)P=R. (12)
Here, N isthe (mdata—1) x(n —1) matrix
Nl,p(Ul) e Nn—l,p(Ul)
N = : : , (12)
Nl, p (Gmdata—l) o Nn—l, p (Umdata—l)

whose elements consist of basis functions evaluated at certain values of the data parameters. Recall that
no morethan p+1 of the basis functions are non-zero for any given value of the curve parameter u.
Thus, each row of N contains at most p+1 non-zero entries. Also appearing in Equation (11) isa
(n—=1) x2 matrix P of unknown control points,

P=| : |, (13)

and a(n—-1) x2 matrix R:
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mdata-1

>N, @R,

Rz . (14)

mdata-1

Z Nn—l,p(ﬁk)Rk

k=1
Each (1x2) row vector R, that appears above is defined by the expression
Rk :Qk - NO,p(Uk)QO _Nn,p(Uk)deata (15)

with k=1,...,mdata -1. (Recall that Q, = (X, Y,) isdefined within atwo-dimensional space, which
explainswhy P and R each have two columns and why R, isatwo-element vector.) Equation (11) thus
represents two linear systems of equations having the same matrix coefficient but with different right-
hand sides.

Given that each knot span of non-zero length contains at least one data parameter, the (n—1) x(n -1)
matrix NN (with superscript T denoting the transpose operation) is symmetric, positive definite, and in
principle well-conditioned. (However, in practice the matrix can become singular as n becomes large and
d in Equation (9) approaches unity. Thisis presumably due to limitations of finite arithmetic on a digital
computer.) Moreover, it has a semi-bandwidth of p+1, and can be stored in a compact form. The
Cholesky method efficiently factorizes the matrix. Control points P,,...,P,_ arethen easily found via
back substitution.

Solution of Equation (11) leads to a complete B-spline representation of the ice data. The next major step
isto determine whether or not this representation satisfies the specified tolerance requirement. Two such
tolerance criteria are implemented. The user may either specify a maximum tol erance requirement,

dmax = ]Ski;nng;fa_JC(uk) - Qk| S Eax (16)
or arms tol erance requirement:
mdata-1 2
Z |Qk - C(uk)|
drms = - S £rms' (17)
mdata -1

In the above, d,,, isthe maximum separation distance of all the distances |C(T,) —Q,|, &, the
maximum tolerance, d, . the rmsdistance, and &, the rmstolerance. If the specified tolerance
requirement is satisfied, the B-spline is accepted as a suitable approximation to the ice geometry. If not, a
new knot vector having additional knotsis created, and a new B-spline approximation is generated using
the above procedure. This cycleis repeated until the desired tolerance requirement is satisfied. Details
concerning how the new knot vector is generated and how the tolerance criteria are implemented are

reserved for alater section.

Before leaving this section, we note that C(U, ) is generally not the closest point on the curve to data
point Q,. Nevertheless, the distance |C(Uk) - Qk| , which appearsin both tolerance criteria, is useful and
convenient for the intended use. An aternative, more exact maximum tolerance criterion,

C((uk)min)_Qk| S ‘gmax’

could be used. Here u = (U)min iSthe parameter value that minimizes the distance |C(u) - Qk| for the kth
point. Determination of each u = (u)mn iSanonlinear problem that can be solved, e.g., using a Newton

max
I<k<mdata-1
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iteration procedure [6]. The advantage in using the latter tolerance requirement in the present application
does not appear to offset the extra required computational effort: up to mdata -1 values of u = (U min
arerequired per loop of theiteration that ultimately results in an acceptable B-spline curve. In any case,
because [C((U) ) ~Qi| = |C(T,) - Q.| we are assured that any curve that satisfies Equation (16) also
satisfies the above exact requirement. Our decision to use u =T, rather than u = (U)mn May resultina
larger final value of n than that needed to meet the above exact tolerance requirement.

Fixed Endpoint Derivatives

Fixing of the endpoint derivatives requires a straightforward modification of the above |east-squares
procedure. Recall from Equation (5) that the endpoint derivatives of a B-spline curve are related to the
first and last pairs of control points. If we specify these derivatives, Equation (6) gives control points

P, and P _, sothat P,,P,,P,_,, and P, areall known prior minimizing the sum of squared distances. In this
case, we minimize the sum with respect to the remaining control points: P,,...,P,_,. Theleast-squares
procedure is altered only in that matrices N, P, R, and vector R, must be redefined. If endpoint

derivatives are fixed, N isthe (mdata —1) x(n —3) matrix

N2,p(ﬁl) e Nn—2,p(ﬁl)
N = : : : (18)
NZ, p (Umdata—l) o Nn—2, p (Umdata—l)

and (n-3)x2 matrices P and R have the respective new definitions

I:)2
P=| (19)
I:)n—z
and
mdata-1 _
Z N2, p (uk ) R k
k=1
R= : . (20)
mdata—-1

Finally, each vector R, is defined by
Ry =Qu =(Nop @Iy + Ny, (TP, +N,y , [@)P,, +N, (G P,), (21)

with B,,P,,P._;, and P, given by Equations (4) and (6). The unknown control points are found by
solving matrix Equation (11) with these modified definitions.

Softwar e | mplementation

In this section, we discuss how the two tolerance requirements are implemented in the software, and
provide formulas for calculation of default values of endpoint derivatives. This background will prove
important in understanding sample results produced by the code as discussed in the next major section.
Brief descriptions of major elements of the code may be found in Appendix B, and the code itself is given
in Appendix C.
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Maximum Tolerance

The maximum tolerance requirement, Equation (16), isimplemented as follows: Beginning with k =1,
the distance |C(Uk) - Qk| is compared with the maximum tolerance. If the distance is less than or equal
tog, ., Kisincremented by one and the test is repeated. If the test fails for any k, the knot span associated
with T, (i.e., the spansuchthatu, <T, <u,,) islabeled as non-converging. To avoid unnecessary
evaluations, the remaining distances within that knot span are skipped. The next distance compared with
.. 1Sthat corresponding to thefirst T, located within the next knot span. The test continues until all

knot spans are labeled as converging or non-converging.

If the specified tolerance is not achieved by all knot spans, anew knot vector is generated asfollows. A
new knot isinserted at the midpoint of al non-converging knot spans, and both n and mknot are increased
by the number of added knots. Next, the knot vector isinspected to insure that each knot span of nonzero
length contains at |east one data parameter T, . If it does, the above least-squares procedure is repeated to
generate a new set of internal control points and a new B-spline curve. The maximum tolerance criterion
aboveis checked again. If the maximum distance d__ from the prescribed dataisless than or equal to the
specified tolerance ¢, , theiterative procedure ends. If the tolerance is not achieved, a new knot vector
is generated by inserting a new knot at the midpoint of each new non-converging knot span, and the cycle
repeats.

A knot vector formed by repeated insertion of knots may have one or more knot spans of nonzero length
that are empty, i.e., ones that do not contain at |east one data point parameter T, . In this case, the matrix

N'N isno longer guaranteed to be positive definite and well-conditioned. Provided the new value of n
is sufficiently small (n< mdata+ p —1), acompletely new knot vector is generated using Equation (10)
that has at |east one data point parameter located within each knot span of nonzero length. A new B-spline
is generated based upon this new knot vector, and the iteration procedure continues as usual. If the new
value of nistoo large (n>mdata + p —1), the procedure will abort.

Root-Mean-Square Tolerance

The maximum tolerance requirement of Equation (16) simply requires that the maximum distance that
separates the ice geometry from equivalent points on the B-spline curveisless than a specified distance
called the maximum tolerance. This measure of closeness of the spline to the ice geometry does not
distinguish between a curve that is close almost everywhere with the exception of one or afew values of
U, and onethat isfar (but lessthan or equal to the maximum tolerance) almost everywhere. The ability to
specify arms tolerance, &, permitsthe user to require the curve to be close to the data in arms sense.
We also point out that the rms distanced,,,, whichis defined in Equation (17), is closely related to the

actual quantity that is minimized in the least-squares procedure.

The iterative procedure described above to achieve the maximum tolerance criteriais modified to satisfy
the rms requirement. In this case, the user must supply an initial maximum tolerance &,,,, arms
tolerance ¢,,,., and ascalar a. The rmstolerance isrestricted to theinterval (0,¢,,, ) while @ must liein
theinterval (0,1); the default value given @ is0.9. During iterations, theinitial maximum tolerance
requirement is satisfied as described above. Prior to exiting the loop, the rms tolerance test is performed.
If d, <&, theloop exits normally. Otherwise, the maximum tolerance is reduced according to the
expressione,, =a d.,, and each knot span is re-examined to determine the non-converging knot spans
relative to the new maximum tolerance. Knots are inserted at the midpoint of each such span, and
iterations continue until the new maximum tolerance requirement is satisfied. The rms criterion isthen
tested again. The loop exits normally when both the modified maximum tolerance and the rms tolerance

reguirements are met.
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Endpoint Derivatives

First-order endpoint derivatives are specified in polar coordinates. The angle must be measured from the
positive x axis and specified in units of degrees. Because these derivatives are vectors, both direction and
magnitude must be supplied for each endpoint. For convenience, default values for these derivatives are
calculated based upon finite differences of the first and last pairs of data points:

c(0)=2 2 %%

U~ U

(22)

C-(l) - (g_mdata _?mdata—l — deata _deata—l

umdata - umdata—l 1 - urrdata—l

Before leaving this section, we note that these derivatives are taken with respect to the curve parameter u,
and whether this parameter isincreasing or decreasing when moving along the B-spline ultimately
depends upon the sense of direction of the original data. The user must take this into account when
specifying non-default values for C'(0) and C'(2).

Application: Sample Resultsfor an | ce Geometry

The FORTRAN 77 code was compiled and run on a 1.1 GHz personal computer (Intel Pentium 111
processor under Linux). Suitable B-spline approximations that corresponded to a wide range of tolerances
were obtained for three ice geometries, which were provided by the Icing Research Tunnel. To illustrate
typical behavior, we investigate several representations for one ice geometry.

Most of our runs—and all discussed here — used cubic B-splines. The few runs conducted with degree
p=4or 5yielded B-splinesthat, on agraph at least, appeared equivalent to a cubic B-spline for the same
geometry and parametric values. No novel features were discovered in these runs.

Figure 1 shows the front portion of a clean airfoil, the attached ice, and an approximating B-spline. In this
case, we required the B-spline to satisfy a maximum tolerance of £, =1.0x107% Endpoint derivatives
were free, and n was set initially equal to the default value of three. The original data was normalized
with respect to the chord length; all lengths, including tolerances, are therefore similarly normalized in
thisand all subsequent figures. A total of 525 points defines the full ice geometry. A significant fraction
of these points are denoted in the figure by small plus signs. Though in this figure one cannot determine
the particular point C(t,) on the B-spline curve that corresponds to the kth data point Q,, it appears that
every point on the B-spline curve is located within the maximum distance 1.0x107 of some point on the
ice geometry.
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Figure 1: Globa view of front portion of clean airfoil, ice data, and approximating
B-spline(p=3, ¢,, =1.0x107%; free endpoint derivatives; initial n=23)
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Figure 2: Close-up view of three B-spline representations of ice data at the indicated moderate
values of the maximum tolerance ( p = 3; free endpoint derivatives; initial n=23)
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Figure 2 shows a magnified section of the clean airfoil, the ice data, and three approximating splines near
the upper icing limit. Maximum tolerances of the approximating curves are, in decreasing order,

£, =1.0x107,5.0x107°, and 1.0 x10™°. Visua examination shows that the average distance between a
B-spline and the ice data correlates with the specified maximum tolerance. At this scale one can see that
all three B-spline curves interpolate the first point Q,, of the ice data as required. The consequence of not
specifying the endpoint derivativesis also seen: the slopes of the three splines differ enormously at the
upper endpoint.

The beginning of the ice data and a B-spline (the one with the smallest tolerance in Figure 2) is shown at
greater magnification in Figure 3. Circles on the B-spline curve represent C(T, ) for k =0,...,10. Observe
that the curve passes somewhat closer to each point Q, (indicated by plus signs) than the nominal
separation distance |C(T,) ~Q,|.

0.014
— Clean airfoil
+ lIce data
0.013 ¢ o C(uk) 1
+ —— B-spline, C(u)
0.012+
>

0.011+

0.01+
0.009 +

2

Figure 3: Magnified view near upper icing limit showing relation between
C(u,) and Q, ( p=3; free endpoint derivatives, &, =0.001; initial n=3)

The two B-spline curves that appear in Figure 4 were generated with the maximum tolerance set at

.., =1.0x10™. The curve with large wiggles near the endpoint was constructed with free endpoint
derivatives; the other curve had its endpoint derivatives specified as the default values. Both curves were
generated using the appropriate default initial valuesfor n (n =3 for the free endpoint derivative curve;

n =4for the fixed endpoint derivative curve). The success of the second curve as a suitable representation
of the ice geometry is due to specification of the endpoint derivatives. (One might argue that the different
initial values used for n might also contribute to the observed difference in these B-splines because the
initial knot vectors are different. However, for this geometry we found that the same B-spline is obtained
in the free endpoint derivative case whether an initial valueof n=3 or n=4isused. Thisis because at
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0.014 - —— Clean airfoil
+ Ice data
— Free
Fixed
0.012+
>

0.01r

0.008 +

0.002 0.004 0.006 0.008 0.01

Figure 4: Effect of fixing endpoint derivativesin a B-spline
(p=3 &, =0.000% initial n=4) at small tolerances

— Clean airfoil
0.03+ AT + Ice data ,
2 T R —— o001
—— 0.005
7 0.001
:;;
002 /i
7’&
b
i\
L
0.01F ™
.
-0.03 -0.02 -0.01 0 0.01

Figure5: Close-up view of three B-spline representations of ice data at the indicated moderate
values of the maximum tolerance ( p = 3; fixed endpoint derivatives; initial n=3)
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some stage of the iterative process, both procedures use Equation (10) to form a new knot vector for the
same value of n. All subsequent steps in the two procedures to generate the final B-splines are then
identical.) This same behavior was found in corresponding representations for both of the other ice
geometries investigated. It iswidely known that B-splines have atendency to exhibit wiggles when
approximating noisy data at small tolerances[6]. We note that, despite specification of the endpoint
derivatives, unacceptably large wiggles in the B-spline representation may arise at smaller tolerance
levels. These were observed for the present geometry with a maximum tolerance of €, =2.5%x107.

It may be advantageous to fix the endpoint derivatives at more moderate levels of tolerance. For example,
the slopes of theiced airfail near theicing limits are sometimes relevant in the merging of the ice
representation with the clean airfoil to avoid the introduction of significant discontinuities[9]. In any
case, specification of endpoint derivatives can have a dramatic effect on the entire B-spline, not just near
the endpoints. Figure 5 shows three B-splines for which the endpoint derivatives were set to their default
values; all curvesin the figure appear to have the appropriate endpoint derivative. The maximum
tolerances of the three splinesin Figure 5 are the same as those in Figure 2; corresponding curvesin the
two figures should be compared. These two figures, along with Figure 4, suggest the following two
general rules: a) the effect of specifying an endpoint derivative decreases with distance (along the curve)
from the endpoint, and b) the distance over which the endpoint derivative has a significant effect is
inversely related to the tolerance. If the tolerance is sufficiently large, asitisfor thetwoe  =1.0x107
curves, the curves can appear significantly different from each other for the whole domain. Furthermore,
by controlling the values of the endpoint derivatives, one can obtain intermediate representations of the
ice geometry. These observations appear consistent with the local support property of the basis functions
and the (frequently) inverse relationship between tolerance and the number of knot spansin the resulting
B-spline.

We note that in those runs reported above with acceptable representations of the ice geometry (i.e., no
significant wiggles), theratio d,_ /€., Vvaried over therange (0.77, 0.99). Moreover, the variation of this
ratio was not monotonic with respect to the tolerance. That the ratio is not constant should not be
unexpected because the algorithm does not control this quantity beyond the requirement that it be located
within the interval (0,1]. Similarly, the algorithm does not control theratio d, ./ £, when the rms
toleranceis specified; it too is limited to the interval (0,1]. The variation of these ratios has an interesting
potential consequence when two B-spline approximations of the same ice geometry is generated with
either the maximum or rms tolerances slightly different but all other parameters unchanged. The usual
expectation is that the distance d_, or d, ., depending upon which tolerance is specified, will be smaller
for the spline with smaller specified tolerance. While this pattern frequently will be true, there may be
exceptions (e.g., d,_, larger for the spline generated with smaller &, ) because the corresponding ratio is
not constant. This behavior in no way detracts from the anticipated use of the software, which isto easily
generate in a controlled manner B-spline representations of ice geometries that have awide variety of
roughness levels. Other software will quantify the roughness characteristics of the resulting B-spline
representations, including the characteristic distance of the curve from the data.

Summary

A FORTRAN 77 program that generates a smoothed B-spline representation of a given ice geometry has
been devel oped. The user specifies a maximum tolerance or a root-mean-square tolerance along with
other necessary parameters. The program returns a B-spline curve that satisfies the given tolerance. The
software permits the rapid generation of several B-splines that satisfy a wide range of tolerance
regquirements. This approach represents a significant improvement over the current technique of
smoothing in Smagglce 2D, in which selected control points are deleted. This program was developed for
possible incorporation into the next version of Smagglce 2D (v1.8).
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Any B-spline curve that approximates the ice data to within a given tolerance is not unique. Severa
additional parameters are available to the user to produce a different B-spline representation of theice
data. Sometimes use of these additional parameters is necessary to obtain a useful representation of the
ice geometry. For example, for each of three different ice geometries investigated, it was found that if the
endpoint derivatives were free and the maximum tolerance sufficiently small, the resulting approximating
B-spline curve possessed large wiggles near an endpoint. In each of these cases, also requiring
satisfaction of suitable endpoint derivative constraints led to an appropriate representation.

This Year 1 report discusses the theory behind the program and illustrates its use with respect to a given
ice geometry. The program itself appearsin Appendix C.
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Symbols

max

rms

mdata
mknot

max

ms

Appendix A—List of Symbols

Definition
Maximum separation distance between B-spline and ice data; defined in Equation (16)
Rms separation distance between B-spline and ice data; defined in Equation (17)
Last index of ice data
Last index of knot vector
Last index of control points; last i-index of basis functions N; ,(u)
Degree of B-spline curve
Curve parameter, O<u<l
ith knot; i =0,...,mknot
kth data parameter; defined in Equation (8); k =0,...,mdata
Two-dimensional B-spline curve; functionally dependent upon curve parameter u
First derivative curve of B-spling; C'(u) =dC(u)/du

ith B-spline basis function of degreep; i =0,...,n; functionally dependent upon curve
parameter u

Matrix of basis functions; defined in Equation (12) or (18)
Matrix of control points; defined in Equation (13) or (19)
ith two-dimensional control point; i =0,...,n

kth two-dimensional data point; k =0,...,mdata

Matrix defined in Equation (14) or (20)

Vector defined in Equation (15) or (21)

Knot vector; form given in Equation (2)

Factor used to generate new maximum tolerance fromrelation ¢, =a Od_, duringiteration
to satisfy rms tolerance

M aximum tolerance

Rmstolerance
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Appendix B—Program Description

Main Program

This software isintended to be incorporated into Smagglce 2D, which hasits own GUI interface. A
simple text-based interface with users was therefore adopted for devel opment purposes. All input and
output is controlled by the main program. The user sequentially enters the following data:

1. Run number (two digits)

2. Name of datafile

3. Areendpoint derivatives specified? If yes, either accept default values or provide values.
4. Degreep of B-spline (default value is 3; must be 3, 4, or 5.)
5

Initial value of n (default value is the minimum value, whichis p or p +1depending on whether
endpoint derivatives are free or fixed)

6. Maximum tolerance (default valueis &, =1.0x10°)
7. Enter rmstoleranceif desired. If so, factor a (default value: a =0.9) must also be entered.
This concludes the user’ sinput.

The datafileis presumed to be an ASCII file structured as follows:

Line1: Number of data sets (1 for just ice data or 2
for both clean and iced airfoil data)
Line 2: Number of pointsin first data set
Lines3toend x-y data of first data set
of data set 1:
Next line: Number of point in second data set (if
present)

Next linetoend: x-y data of second data set

The first data set may represent just the ice geometry or the iced airfoil. The second data set, if present,
represents the clean airfoil. The program reads in the datafile, and if necessary separates the ice data from
the airfoil data. Datais written to appropriate file(s), and ice data is retained in memory to calculate the
approximating B-spline curve using the iterative procedure described previoudly.

The most important file exported by the main program is nurbs??.dat. It contains the data that defines the
approximating B-spline curve. Here, ?? denotes atwo-digit run number. The file has the following
format:

Line1: p (degree)
Line 2 n (final value)
Lines 3: mknot (final value)

Next mknot +1 lines: Knot vector

Next n+1 lines: Control points (x-y format)
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Thetable below summarizes all the files exported by the main program. Following the table are brief
statements of purpose for each subroutine included in the program file.

File Name Description

clean.dat Clean airfoil data (x-y format)
cukb??dat C(T, ),k =0,...,mdata (x-y format)
ice.dat Ice geometry (x-y format)
icecv??.dat  B-spline curve (x-y format)

log.txt Log file of run

nurbs??.dat NURBS datafile

sum?2txt  Summary of run

FindSpan

The semi-closed interval [u,,u,,,) represents the ith knot span. FindSpan is a function that, given the
curve parameter u, returns the knot span in which uislocated. The value u =1 isan exception to the
above definition; it is assigned knot span n.

FindSpanA
If urepresents a 1D array of curve parameter values, subroutine FindSpanA returns a 1D array of the
corresponding knot span indices.

NBasis
Given the scalar u, its knot span index i, degree p, and knot vector U, subroutine NBasis computes the set
of nonzero basisfunctions N,_, ,(u),...,N; ;(u) and returnstheir valuesin the 1D array N.

NBasisA
Given the 1D array u, a corresponding set of knot span indices, degree p, and knot vector U, subroutine

NBasisA computes the full set of nonzero basis functions, returning them in the 2D array NA. Thejth
column of NA correspondsto the jth element of u.

Cparam

Given the point data Q,,...,Q, ... for theice, subroutine Cparam calculates the set of data parameters
Uy,..., U, accordingto Equation (8), returning their valuesin the 1D array ukb.

Knotvec
Subroutine Knotvec generates a knot vector U based upon Equation (10).

NCurve

Subroutine NCurve computes the point (X,y) =C(u) on the B-spline curve for the scalar curve parameter
u.
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NCurveA

Subroutine NCurveA computes the set of (X,y) points on the B-spline curve that correspond to a 1D array
of curve parameters.

Rkarray

Subroutine Rkarray computes R,,...,R, ..., corresponding to either Equation (15) or (21), depending
upon whether the endpoint derivatives are free or fixed, respectively.

RightHandSide

Subroutine RightHandSide computes R according to either Equation (14) or (20), depending upon
whether the endpoint derivatives are free or fixed, respectively.

ABMatrix

Subroutine ABMatrix computes the matrix N'N and storesit in an upper band form that is sitable for
the LAPACK library routine DPBSV [10]. (Subroutine DPBSV solves the linear system, Equation (11),
based upon the Cholesky method.) The matrix N is given either by Equation (12) or (18), depending upon
whether the endpoint derivatives are free or fixed, respectively.

SpanTest

Subroutine SpanTest returns in the 1D array nonspan the indices of all nonconforming knot spans; i.e.,
those spans that do not satisfy the tolerance requirement [C(T,) — Q| < &, -

Deviations

Subroutine Deviations returns the maximum separation distance d__,, the root-mean-square deviation
d,..., and a2D array containing the (x,y) values corresponding to C(T,),...,C(U, ). The quantities
d., andd_ . arerespectively defined by Equations (16) and (17), and in the program correspond to
FORTRAN variables epmax and rms.

NewU

Subroutine NewU generates a new knot vector by inserting a new knot at the midpoint of every
nonconforming knot span.

Verify
Subroutine Verify checks each knot span to insure that each contains at |least one value of the set of data
parameters Uy,. .., U gan-
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Appendix C—FORTRAN 77 Program

khkhkkhkhkhkhkhhkhkhhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhhhhkhkdhhhdhhkhkddkhkhkkhkrkk rkkx**x
*

pr ogram gl obal app

*

khkkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhhhhhhhhhhhhhkhhhhhhhhhhkhhhhdhhhrdhkhkkhkrkk kkkx**x

* Program Summary

*

* G ven a set of Q=(x,y) data points of length ndata + 1, two

* integers n and p (such that 3 <= p <= n << ndata), and a maxi mum

* di stance criterion ep (0 < ep <= 0.1, say), the program gl obal app
* enpl oys an iterative |east-squares procedure to cal culate a NURBS
* curve of degree p that approxinmates the data to within the nom na
* di stance ep. Optionally, the user may al so specify a root-mean

* square distance criterion (eprns). Endpoint derivatives may be free
* (default) or fixed. Al NURBS curves generated by this program have
* endpoi nts that exactly coincide with the prescribed ice data. The
* first and last control points are equal to the respective

* endpoi nt s.

*

*

* Data is presuned read in a counter-clockw se direction about the

* airfoil. This is only important in referencing upper and | ower

* endpoi nts of the ice region

*

* After entry of the requisite data, the program cal cul ates a knot

* vector, and a do while loop is entered. A natrix and ri ght-hand

* side vector (2 colums) is then generated with control points as

* unknowns. The matrix is banded, symetric, and positive

* definite. A special LAPACK solver that uses the efficient Chol esky
* nmethod is then used to obtain the unknown control points. The

* resulting NURBS curve is used to determ ne whether the distance

* criterion eptenp (initially, the sane as ep) is satisfied. |If not,
* nis appropriately increased by the insertion of knots at the

* nm dpoi nts of non-convergi ng spans, thereby creating a new knot

* vector. The do while loop is then entered again fromthe top, and
* the cycle is repeated until the NURBS curve satisfies the

* tol erance requirenent, or the resulting matrix is singular. If at
* any stage the newy created knot vector has a span that does not

* contain a value of the paranmeterized curve, the whole knot vector
* is recalculated by redistribution based upon the origina

* algorithm |If the redistributed knot vector also contains one or

* nore spans w thout a value of the paraneterized curve, the do
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* while loop is exited, and the approximation fails.

* If eprms is specified, the iteration procedure is slightly

* nodi fied as follows. The specified nmaxi num di stance specification
* is first met as indicated above. |If eprnms is specified, the

* root nean squared distance is conpared with eprns. If this

* specification is satisfied, the iteration loop is exited. If not,
* t he maxi mum di stance specification eptemis reduced by a factor al pha,
* 0 < alpha < 1, and iterations continue until this new maxi num

* di stance specification is nmet. The rnms specification is then

* checked again. The cylce repeats until the rms specification

* is satisfied.

* The procedure when endpoint derivatives are specified is nearly

* the sane. An endpoint derivative is fully specified by a pol ar

* angle and a nagnitude. By default, first-order finite difference
* calcul ations are used to prescribe these derivatives. After

* a knot vector is first defined as above, the derivative

* information is used to determ ne the 2nd and next to | ast

* control points. The do while loop is then entered as above.

* Though governi ng equations differ slightly in this case, a

* i near system of equations is solved to find the remaining

* unknown control points. A nodified knot vector is then created

* in a nmanner simlar to that above. |If at any tinme the knot

* vector needs to be redistributed, the second and second to | ast

* control points are recalculated. The fixed derivative algorithm
* was specially devel oped for this program and is not found in the
* reference bel ow.

*

* After a NURBS curve is found that satisfies specified tolerance(s),
* the requisite information of the NURBS curve is saved

* to afile for later reconstitution. A log file is also kept,

* as well as a file that sunmarizes the results of the analysis.

* Al so output is an x-y data file that represents the generated

* NURBS curve for conveni ent graphing.

khkhkkhkhkhhkhkhhhkhhhkhhhkhhhhhhhhdhhhdhhhdhhhhhhkhhhhhhhhhhhdhhhdhhhddhddhkrddhkrkk rkkx**x

* Ref er ence

*

* Piegl, L. and Tiller, W, The NURBS Book, 2nd edition, New York
* Springer-Verlag, 1997.

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhddhddhrddrkdrkk*x*x
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* NOTE: In Piegl and Tiller, the first index of npbst vectors begin

* with zero. To avoid confusion, we follow that convention as
* appropriate. W also use indices 1 and 2 to denote x and y
* conponents of certain arrays.

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhhhhhhhhhhhhhhhhkhhkhhhhhhhhkhhhkhhhhrdkhkhkkhkrkk rkkx**x

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
* ==== = Cc S
* 05/ 20/ 03 Loren H Dill Original code

* 05/ 22/ 03 L.H Dill Added rns tol erance

* 08/ 06/ 03 L.H DIl I ncreased saved digits
* i n output (nurbs??.dat)

R I R I I I I I R O I R S I S I R I R I R I I R I O

* *
* Par anmet er s *
* *
* ncl eandat anax Largest index of X-y points output to data file

* for clean airfoil (file: clean.dat)

* ndat anax Largest anticipated i ndex of input data vector

* clean plus ice

* n2dat amax Largest index of output x-y data vector for rough

* ice (along NURBS curve) (file: icecv??. dat)

* nmax Largest anticipated index of control points

* nr edi st max Largest index of nval ues vector

* prmax Hi ghest antici pated degree of NURBS curve

R I I I I R I I I O O S S R I S R O I I R I I

* Maj or | nput Vari abl es

*

* ndat a Nunber of x-y data points (less 1 after initial index set
* to 0). ndata is initially read in, and dependi ng upon
* dat aset format, may be total number of ice+clean data
* poi nts. Thoughout the main part of the program ndata
* represents the number of ice data |ess one.

* Q X,y ice data points -- a 2D array

* p Desired degree of NURBS curve

* n Largest index of NURBS curve. Initially given and then
* i ncreased during the iteration procedure

NASA/CR—2004-213071 22



* phi 0, phiM First and | ast polar angles corresponding to desired

* sl opes of NURBS curve at begi nning and end. (in degrees).
* DOL, DL Magni t ude of first derivative vectors of NURBS curve

* at begi nning and end

* sDOL, sDmL  Scal e factors, relative to default values, of the

* magni t ude of first derivative vectors of NURBS curve

* at begi nning and end

* ep Desired maxi mumtol erance between NURBS curve and prescri bed
* dat a

* eprns Desired maxi mumrns tol erance between NURBS curve and

* prescri bed data

* run A two-digit character array designated the run number. Used
* to associate output file nanes with given runs.

* infilename A character array of length 12 used to identify

* the file containing the x-y ice data.

R I R I R I I I S I R S I R R R I R I I O

* Maj or Wor ki ng Vari abl es

*

* epmax Cal cul at ed val ue of naxi mum di stance fromcurve to the
* ice data. Actually a nom nal val ue.

* ept enp If only maxi mumtol erance is specified, eptenp = ep

* If eprnms tolerance is specified, eptenp < ep if eprmns
* is not achieved. eptenp is periodically reduced unti
* eprnms i s achieved.

* nknot Largest index of knot vector U, nknot = n+p+1

* I NFO Vari abl e from LAPACK routine dpbsv that sol ution

* of linear matrix equation was successful or not

* i nonspan number of nonconvergi ng knot spans

* nonspan vector containing spans that have not converged

* nvalues a 1-D array containing the n values for which

* the knot vector was redistributed. Only |ast

* nredi st max val ues are retained.

* of f set Derivative flag.

* offset = 1 if endpoint derivatives are not set.

* offset = 2 if they are

* P Control points

* ukb array containing values of paraneterized curve; each

* val ue of array corresponds to respective data point

* spanA an array that contains the span indices of ukb relative
* to a given knot vector

* u Curve paraneter

* U Knot vect or
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* Unew A new knot vector awaiting verification before acceptance

* NA Array containing the non-zero basis functions for each

* el ement of a paraneter array

* Rk array containing the Rk values of Piegl & Tiller, p 411

* if end derivatives are free, and a nodified version

* if end derivatives are fixed.

* R array representing right-hand side of eq. 9.65 of Pieg

* & Tiller, p 411, if end derivatives are free, and a

* nodi fied version if end derivatives are fixed.

* NTNB nmatrix (in banded form for linear eq. 9.65 of P&T,

* if end derivatives are free, and a nodified version

* if end derivatives are fixed.

* CA array containing the x-y data of the NURBS curve

* corresponding to a given paraneter array

* DO, DM Vectors representing endpoint derivatives if prescribed

* rms the root nean square distance between the curve and the
* set of data points. Again a nom nal val ue.

* success A logical variable indicating that a newy created knot
* vector has an element of ukb within each span, or not.

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhdhhhkhhhkhhhkhhkhkhhhhhhhhdhhhddhrdkhkhkkhrkk rkk*x*x

* QUTPUT FI LE DESCRI PTI ONS

*

* cl ean. dat The clean airfoil data, if given upon input
* cukb??. dat Data file containing x-y data of NURBS curve
* correspondi ng to paranter array ukb

* i ce. dat The ice data

* i cecv??.dat The NURBS curve x-y data

* | 0g. t xt Alog file for the I ast execution of glapp

* nurbs??.dat A file containing NURBS data, such as the knot vector
* sun®?. t xt A file that summarizes a run

*

* In the above, ?? denotes the run nunber given upon input.

EE R R I R I I R R O R R I R I I R I R I I R R R O

* Conpi |l e Command for g77 conpil er

*877 -fsource-case-preserve -Wnused -Wall -Wsurprising glapp.f -Illapack -
I blas -0 gl app

* Use xngrace or other plotting programto exam ne output *dat files

inmplicit none

i nt eger ndat a, ndat amax, n2dat anax, nnax, pmax, ntl eandat amax
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i nt eger ndat asets, nredi st, nredi st max, ncl eandat a, nnaxm

par armet er (ndat amax=600, nmax=600, pnmax=5, nR2dat amax=8192)
par armet er (ntl eandat anax=250, nr edi st max=>5)

i nteger i,j,nknot, of fset, p, n, spanA(0: nR2dat amax)
i nt eger nonspan(nmax-1),inonspan

i nteger nval ues(nredi stmax), nfirst, nl ast

i nteger | NFO

doubl e precision U(0: nmax+pmax+1), du, u( 0: nRdat amax)

doubl e precision Q2,0:ndat amax), @l ean(2, 0: ntl eandat amax)
doubl e precision ukb(0: ndat anax), P(2, 0: nmax) , Unew( 0: nmax+pmax+1)
doubl e precision NA(O: pmax, 0: ndat amax)

doubl e precision CA(2,0: m2dat anax)

doubl e precision Rk(2,0:ndatamax), R(nmax- 1, 2)

doubl e precisi on NTNB(pmax+1, nnmax-1), ep, epr ns, ept enp, al pha
doubl e precision DO(2), Dr(2), sDOL, sDnL

doubl e precision phi0, phimDOL, Dni, pi, epnmax, rmns

character*12 infil enamne
character*1l ans, ansD, ansDC, ansDr, ansphi, ansdeg, ansn, ansr ns
character*2 run

| ogi cal success

* Open all output files and wite a blank to clear data from
* any previous run of sanme number. Open and cl ose | ater as needed.
wite(*,*)' Please enter a 2-digit run nunber.'
read(*, *)run
open(7,file="icecv'//run//"'.dat")
open(8,file="1o0g.txt")
open(9,file="clean.dat")
open(1ll,file="ice.dat")
open(12,file="nurbs'//run//'.dat")
open(13,file="sum //run//"'.txt")
open(14,file="cukb'//run//'.dat")
wite(7,*)" ";wite(8,*)'";wite(9,*)’
wite(11,*)"";wite(12,*)""';wite(13,*)’
wite(l1l4,*)"
cl ose(7);close(8);close(9)
cl ose(11);close(12);close(13);cl ose(14)
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* Read in airfoil data. First line of data file contains nunber of

* datasets (1 = only ice data; 2 = both clean and ice data).
* Second |ine contains nunber of data points of first data set. Ask
* user for nanme of input file then read first two |lines.

wite(*,*) Enter nane of data file as string.'
read(*, *)infil enanme

open( 10, fil e=infil enamne)
read( 10, *) ndat aset s
read( 10, *) ndat a

ndata = ndata -1 I Adj ust maxi mum because indices begin at 0
if (ndatasets .eq. 1) then
if (mdata .gt. ndatamax) then
wite(*,*)" Nunber of data points ', ndata,' exceeds nmaxi num
1 , ' expected ', ndatamax,'. Aborting . '
open(13,file="sum//run//"'.txt")
wite(13,*)" Nunber of data points ', ndata,' exceeds maxi muni

1 , ' expected ', ndatamax,'. Aborting . '

cl ose(13)
stop

end if

do i =0, ndata

read(10,*)Q1,i),Q2,i)
end do
cl ose(10)
* Wite ice data to file

open(11,file="ice.dat")

do i =0, ndata
wite(l11,10)Q1,i),Q2,i)

end do

cl ose(11)

el se if(ndatasets .eq. 2) then
ncl eandat a = ndat a
if (ntleandata .gt. ntleandatamax -1) then
wite(*,*) Nunber of clean airfoil data points ', ntleandata
1 ,' exceeds naxim m expected ', ntleandatanax,'.",
2 ' Aborting. . .'
open(13,file="sum//run//"'.txt")
wite(13,*)" Nunber of clean airfoil data points ', ntleandata
1 ,' exceeds naxim m expected ', ntleandatanmax,'.",
2 ' Aborting. . .'
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cl ose(13)
stop
end if
do i =0, ntl eandat a
read( 10, *)Qclean(1,i), lean(2,i)
end do
open(9,file="clean.dat")
do i =0, ntl eandat a
wite(9,10)Qxlean(1,i), xlean(2,i)
end do
cl ose(9)
read( 10, *) ndat a
if (nmdata .gt. ndatanax-1) then
wite(*,*)" Nunber of data points ', ndata,' exceeds nmaxi mum
1 , ' I ncrease ndatanax. Aborting
open(13,file="sum //run//"'.txt")
wite(13,*)" Nunber of data points ', ndata,' exceeds maxi muni

1 ,' Increase ndatanmax. Aborting
cl ose(13)
stop
end if
ndata = ndata - 1
do i =0, ndat a
read(10,*)Q1,i),Q2,i)
end do
cl ose(10)
* Check that the Iength of the ice data exceeds the length
* of the clean airfoil data by a sufficient anpbunt. The 20
* is not arigidrequirenment. This is only to separate ice and
* clean airfoil data

if(nmdata .It. ntleandata+20)then
wite(*,*)' ' lce data length too short to proceed.'
wite(*,*)" Aborting'

stop
end if
* Determ ne where ice begins in icel/airfoil data
i =0
do while( (abs(Qlean(1,i)-Q1,i)) .It. 1. e-6 ) .and.
1 (abs(Qlean(2,i)-Q2,i) ) .1t. 1. e-6) )
i=i+1
end do
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*

nfirst=i

Determ ne where ice ends in icel/airfoil data
i =0
do while( (abs(Qclean(l,ncleandata-i)-Q1,ndata-i)).lt.1.e-6 )

.and. (abs(Ql ean(2, ntl eandata-i)-Q2,ndata-i)).lt.1.e-6))

i =i +1
end do
nl ast =
ndata = ndata - nfirst - nlast

Transfer ice data to beginning of arrays
do i = 0,ndata
Q1,i)=Q1,nfirst+i)
Q2,i)=Q2,nfirst+i)

end do

Wite ice data to file

open(11,file="ice.dat")

do i =0, ndat a

wite(11,10)Q1,i),Q2,i)

end do

cl ose(11)
end if
Begin sunmary and log files. Get input file name and run number.
open(13,file="sum //run//"'.txt")
wite(13,*)"' I nput data filenane = ',infil enane
wite(13,*)' Run nunber ="', run
open(8,file="1o0g.txt")

Par ameteri ze data
call Cparam (ndata, Q ukb)

I nqui re about endpoint derivatives
pi =4. 0*at an( 1. 0)
ans = '0’
do while (ans .ne. '1")
wite(*,*)' Do you want endpoi nt derivatives specified (y/n)?
read(*, *)ansD
if (ansD .eq. 'Y .or. ansD .eq. 'y')then
DO(1)=(Q1,1)-Q1,0))/ukb(1) I Cal cul ate default val ues
DO(2)=(Q2,1)-Q2,0))/ukb(1)
Dm(1)=(Q 1, ndata)-Q 1, ndata-1))/(1l-ukb(ndata-1))
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Dm(2) =(Q 2, ndat a) - (2, ndat a- 1) )/ ( 1- ukb( ndat a- 1))
DOL sqrt (DO(1)*DO(1)+D0(2)*D0(2))
DL = sqrt (Dm( 1) *Dn(1) +D( 2) * Dn( 2) )
phi O=at an2( DO(2), D0O(1))*180. / pi
phi mrat an2( Dm( 2), Dn( 1)) *180. / pi
wite(13,*)
wite(13,*)' Endpoi nt derivatives specified.'
wite(*,*)' Do you want endpoi nt derivatives calculated '
wite(*,*) by first-order differencing of first and | ast
wite(*,*) endpoint data pairs (y/n)?
read(*, *)ansDC
if (ansDC .eq. 'Y' .or. ansDC .eq. 'y')then
wite(13,*)" Derivatives cal cul ated by differencing
wite(1l3,*)' of endpoint data pairs'
ans = '1'
of f set =2
else if (ansDC .eq. 'N .or. ansDC .eq. 'n') then
wite(*,*)
wite(*,*) Both direction and magnitudes of endpoint'’
wite(*,*) derivative vectors nmust be specified. Do’
wite(*,*) you want the default directions detern ned
wite(*,*)' fromfinite differencing of the first and'
wite(*,*)' last pairs of prescibed data? (y/n)’
read(*, *) ansphi
if (ansphi .eq. "N .or. ansphi .eq. 'n") then
wite(*,*) Default values for upper and | ower'
wite(*,*) angles in degrees:'
write(*,50)phi0, phim
wite(*,*)
wite(*,*)" Enter upper and | ower endpoint’
wite(*,*) directions as polar angles in degrees:'
read(*, *) phi O, phim
end if
wite(*,*)
wite(*,*) Do you want finite differences of endpoint'
wite(*,*)' pairs to deternine the nagnitudes of
wite(*,*) these derivatives (y/n)?
read(*, *)ansDr
if (ansDr .eq. 'N .or. ansDr .eq. 'n') then
wite(*,*)
wite(*,*)' Specify the upper and | ower
wite(*,*)' magnitudes of these vectors as'
wite(*,*) scale factors of the default val ues:'
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read(*, *)sDOL, sDL
DOL=sDOL* DOL
DrrL=sDrL* Dl
end if
DO( 1) =DOL* cos( phi 0*pi / 180.)
DO( 2) =DOL* si n( phi 0*pi / 180.)
Dm( 1) =Dni* cos( phi m¥pi / 180.)
Dn( 2) =DrrL* si n( phi mt pi / 180.)
wite(13,*)" Derivatives specified by user

ans = '1'
of f set =2
end if
wite(1l3,*)' Pol ar angle (degrees):'
wite(13,*)" upper: ',phiO
wite(13,*)" lower: ',phim
wite(1l3,*)' Lengths: '
wite(13,*)" upper: ',DOL
wite(13,*)" lower: ',DmL
wite(13,*)
else if (ansD .eq. 'N .or. ansD .eq. 'n') then
wite(13,*)
wite(1l3,*)' Endpoi nt derivatives not specified by user.'
wite(13,*)
ans = '1'
offset =1
end if
end do
* Set degree p and initial nunber of terns via n
p=3

wite(*,*) The default degree of the NURBS curve is 3.'
wite(*,*)' Do you want the default degree (y/n)

read(*, *)ansdeg

if (ansdeg .eq. 'N .or. ansdeg .eq. 'n') then

wite(*,*) Degree nmust satisfy 3 <= p <= pnax ="', pmx
wite(*,*)' Enter degree:"’
read(*,*)p
if( p.gt. pmax .or. p .It. 3)then
wite(*,*)' NURBS degree p = ',p," not in range'
wite(*,*)' Aborting run...'
wite(13,*)' NURBS degree p = ',p,' not in range'
wite(13,*)" Aborting run...'
cl ose(13)
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stop
end if
end if

nmexm = m n(nmax, nmdata - p - 2)
if ( (offset .eq. 1 .and. nmaxm.Ilt. p) .or
1 (offset .eq. 2 .and. nmaxm.lt. p+l) )then
wite(*,*)" Your dataset is too small to proceed. Aborting..'
wite(8,*)' Your dataset is too small to proceed. Aborting..'
wite(1l3,*)' Your dataset is too small to proceed. Aborting..'
stop
end if
wite(*,*)
wite(*,*)" For the nunber of terns in the initial NURBS
wite(*,*)' curve, do you want the m ni mum acceptable value (y/n)?
read(*, *)ansn
if (ansn .eq. 'Y .or. ansn .eq. 'y')then
if (offset .eq. 1)n=p
if (offset .eq. 2)n=p+l

el se
wite(*,*) Enter n to specify nunber of terms in
1 ,"initial NURBS curve' ! n actually specifies nunber
if (offset .eq.1) then I terms | ess one
wite(*,*)' ' Initial n nust satisfy ',p," < =n <', nnmaxm
el se
wite(*,*)' ' Initial n nust satisfy ',p+l,' < =n <', nmaxm
end if
wite(*,*)

wite(*,*)' (This maximumis an upper limt. Typically want'
wite(*,*)' to set n near lower limt and n << ', nmaxm"'.'
wite(*,*)"'Matrix may be singular for n <',nmaxm' depending
1 ,'upon data set.)
wite(*,*)
wite(*,*)" What value of n do you want ?'
read(*, *)n
if( (offset .eq. 1 .and. n .It. p) .or.
1 (offset .eq. 2 .and. n .It. p+1l) .or
2 n .gt. nmaxm )then
wite(*,*)'nis outside specified range.'
wite(*,*)" Aborting run...'

wite(1l3,*)" Specified n ="',n," is outside range.'
wite(1l3,*)" Aborting run...'
cl ose(13)
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st op

end if
end if
wite(13,*)'Initial n: ',n
* I nqui re about desired maxi numtol erance
ans = '0'

do while (ans .ne. '1")

wite(*,*) Do you want the default maxi mumtol erance ',

1 "(ep = 0.001) (y/n)?

read(*, *)ans

if (ans .eq. 'Y .or. ans .eq. 'y')then
ep= 1.0d-3
ans = '1'

else if (ans .eq. "N .or. ans .eq. 'n') then
wite(*,*)" Enter maxi mnumtol erance (0 < ep <= 0.1)
read(*, *)ep
ans = '1'

end if

end do

wite(*,*)

if ( (ep .gt. 0.1 ) .or. (ep .le. 0.) ) then

wite(*,*)' Distance criterion ep = "',ep,' should be '
1 ,"inrange 0 < ep <= 0.1. Aborting ...'
wite(1l3,*)' Distance criterion ep = ',ep,' should be '
1 ,"inrange 0 < ep <= 0.1. Aborting ...'
cl ose(13)
st op
end if
* Set eptenp equal to ep. eptenp will only differ fromep
* if root-nean square tolerance is set.
eptenp = ep
* I nqui re about root-nean square tol erance
ans = '0'

do while (ans .ne. '1")
wite(*,*)' Do you want to specify a root mean square tol erance ',
1 "(y/n)?
read(*, *)ansrns
if (ansrms .eq. "Y' .or. ansrms .eq. 'y')then

wite(*,*) Enter the root nean square tol erance. Your value ',
1 "should lie between 0 and ', ep

read(*, *)eprms

if (eprms .gt. 0. .and. eprnms .lt. ep)then

NASA/CR—2004-213071 32



al pha = 0.9
wite(*,*)' The default factor by which to reduce the'
write(*,*)' maxi mum devi ati on when attenpting to satisfy
wite(*,*)" your root nean square tolerance is 0.9.'
wite(*,*) Do you accept the default factor?
1 " (y/n)?
read(*, *)ans
if (ans .eq. 'N .or. ans .eq. 'n')then
wite(*,*) Enter the desired factor.'
read(*, *)al pha
if (alpha .gt. 0. .and. alpha .It. 1)then

ans = '1'
end if
el se
ans = '1'
end if
end if
wite(8,*)' Reduction factor to achieve eprns:', al pha
el se
ansrnms = 'n’
ans = '1'
end if
end do
wite(8,*)'p, n, ep=",p," '",n" ',ep
if (ansrms .eq. "Y' .or. ansrms .eq. 'y')then
wite(8,*) eprns = ', eprns
end if
wite(8,*)'x,y, ukb data
do i = 0,ndata
wite(8,10)Q1,i),Q2,i),ukb(i)
end do
wite(1l3,*)' Specified NURBS degree: ', p
wite(13,*)" Specified nonmi nal maxi numtol erance: ',ep
if (ansrms .eq. 'Y .or. ansrns .eq. 'y')then
wite(1l3,*)" Specified rms tolerance: ', eprns
end if
* Create knotvector based upon Piegl & Tiller, p. 412, eqn. (9.69)
* and cal cul ate nknot (nunber of knots |ess one). Keep track of
* val ue of n when Knotvec is called via vector nval ues.
nredi st=1

nval ues(1)=n
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call Knotvec (ndata,n, p, ukb, U)
nknot = n +p + 1

wite(8,*)

wite(8,*)' Knot Vector U(i)'
wite(8,20)(i,U(i),i=0,nmknot)

wite(8,*)
* Verify each knot span contains at |east one val ue of ukb. Qutput
* argunent success returns .true. if all is OK |If unsuccessful
* execution is stopped.

call Verify(ndata, n, p, ukb, U, success)

if (success .eqv. .false.) then
wite(8,*) Before entering main | oop, not all knot spans',

1 ‘contain at |east one value of ukb. Aborting ...'

wite(*,*) Before entering main | oop, not all knot spans',
1 ‘contain at |east one value of ukb. Need to reduce'
2 "initial value of n. Aborting ...'

wite(1l3,*)' Before entering main |oop, not all knot spans',

1 ‘contain at |east one value of ukb. Need to reduce'
2 "initial value of n. Aborting ...'

cl ose(13)

stop
end if

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhdhhhdhhhdhhhkhhhhhhkhhhhhdhhhdhhhddkhddhkrddhrkkdrkk**x

* Enter iteration | oop to cal cul ate gl obal approximti ng NURBS

* curve. Require at least one iteration by setting nunber of non-

* convergi ng spans greater than zero, e.g., inonspan = 1. Loop

* repeats until the nunber of non-convergi ng spans drops to zero

* (inonspan = 0), at |east one knot span in new knot vector does not
* contain a paraneter value, or the nunber of terms in the next

* NURBS r epresentation exceeds nmax + 1 (i.e., n > nmax ).

i nonspan = 1

wite(8,*) Entering do while' | Main iteration |oop

do while ( inonspan .gt. 0 .and. success .and. n .le. nmax )
wite(8,*)
wite(8,*) Top of do while
wite(8,*)'n =",n" nknot =", nknot
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* First, find span indices of all elenents of ukb vector.
* Next, calculate all non-zero basis functions associated w th
* el ements of ukb.

call FindSpanA(ndata, n, p,ukb, U spanA)
cal | NBasi sA(ndat a, mknot , p, pmax, spanA, ukb, U, NA)

* The first and last control points are sinply the specified
* endpoint data. |If end derivatives are specified, the second
* and next to last control points are determ ned by the
* derivative information.
P(1,0)=Q1,0)
P(2,0)=Q2,0)

if (offset .eq. 2) then
P(1,1)=Q(1,0)+ U(p+1)/p * DO(1)
P(2,1)=Q(2,0)+ U(p+1l)/p * DO(2)
P(1,n-1)=Q1,ndata)- (1.0 - U(n))/p * Dm(1)
P(2,n-1)=Q(2,ndata)- (1.0 - U(n))/p * Dm(2)

end if

P(1, n)=Q(1, ndat a)

P(2, n) =Q( 2, ndat a)

* Next, calculate the set of Rk arrays, Piegl & Tiller, eqn.

* (9.63) on page 411, and then the right-hand side of (9.65):
call Rkarray(ndata, n, of fset, p, pmax, spanA, Q ukb, P, U, NA, Rk)
cal |l Ri ght HandSi de( ndat a, n, nnax, of f set, p, pmax, spanA, NA Rk, R )

* Calcul ate the NTNB matrix of eqn. (9.65) in banded form

call ABMatri x(ndata, n, of f set, p, pmax, spanA, NA, NTNB)

* Call the LAPACK banded matri x sol ver dpbsv to find the

* | ocations of the internal control points. (The first and | ast
* control points are sinply the first and |ast data points.

* I f endpoint derivatives are specified, the next inner contro
* points are determ ned fromderivative information.). |If

* the solver fails (INFO .ne. 0), an error message i s generated.

call dpbsv('u',n-2*offset+1, p, 2, NTNB, pmax+1, R, nmax- 1, | NFO )

if (INFO .eqg. 0)then
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do j =of f set, n- of f set
P(1,j)=R(j +1-of fset, 1)
P(2,j)=R(j +1- of f set, 2)

end do
else if (INFO.It. 0)then
wite(8,*)"' The ',-INFQ, ' argunent had an illegal value',
in dpvsv. Aborting ...'
wite(*,*)' The ',-INFQ, ' argunent had an illegal value',
in dpvsv. Aborting ...'
wite(13,*)"' The ',-INFQ "' argunment had an illegal value',
in dpvsv. Aborting ...'
cl ose(13)
stop
el se

wite(8,*) Matrix in dpbsv is singular (U(',INFQ I NFQ
') = 0. Aborting ...'

wite(*,*)" ' Matrix in dpbsv is singular (U(',INFQ I NFQ
'y = 0.

wite(*,*)' May need to increase tol erance ep or

wite(*,*) decrease initial n. Aborting ...’

wite(13,*)" Matrix in dpbsv is singular (U(',INFO I NFQ
'y = 0.
wite(13,*)' May need to increase tol erance ep or
wite(1l3,*)" decrease initial n. Aborting ...'
cl ose(13)
st op
end if
wite(8,*)
wite(8,*) Control points P(1,j) & P(2,j) for n =",n
wite(8,30)(j,P(1,j),P(2,j),j=0,n)

The distance | C( ukb(k) ) - Qk) | for each k = 1, ndata -1 is
conpared with distance specification ep (or eptenp if attenpting
to satisfy rms requirenent). Here, QKk) represents

the kth data point of the airfoil. If this distance exceeds the
specification for any data point within a given span, the entire
span is declared to be non-converging and is tagged for

subdi vision for the next iteration.

call SpanTest (ept enp, ndat a, n, p, Q ukb, P, U, nonspan
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1 i nonspan)

* If all spans have converged (inonspan = 0), we cal cul ate maxi mum
* (epmax) and root mean square (rns) deviations between curve and
* data. |If eprms tolerance is not specified, the do while loop is
* exited. Oherw se, calculated and specified values for the

* root nean square error is conpared. |If rns > eprns, eptenp

* is set equal to al pha * epmax and SpanTest is called again.

* Here, alpha is a give paraneter that |lies between 0 and 1. Thus,
* we are guaranteed that at |east one span will be non-conpliant;

* i.e., inonspan will be greater than O as determ ned by SpanTest.
*

* Note: |If alpha is set too low, the tol erance eptenp may becone
* unnecessarily small, and the programcould fail. On the other

* hand, if alpha is too close to unity, eptenp will be reduced by
* only a snmall amount, and nost likely only one span will be

* non-conpliant. Hence, lots of iterations of the do while

* | oop might be necessary for convergence to eprms. The default

* val ue of alpha = 0.9 should insure rapid convergence and in

* nost cases eptenp should not becone so snmall as to cause a

* singular matrix. If the procedure does bomb out, either eprmns

* or al pha needs to be increased appropriately.

*

* If inonspan > 0, we deternine whether n will exceed nmax if

* another iteration is performed. |If it will, execution is stopped.
* If the newn will be |less than nnax, a new knot vector (Unew)

* is calculated. The new knot vector is forned by addi ng a new knot
* to the mdpoint of each non-converging span. This new vector

* is tested to insure each span contains at |east one val ue of

* ukb. If it does, the do while loop is executed again. O herwi se,
* a new knot vector is created for which all knots are

* redistributed. If this new knot vector contains any spans

* | acki ng a val ue of ukb, execution is stopped because the matrix
* NTNB is no | onger guaranteed to be positive definite and wel

* condi ti oned.

if (inonspan .eq. 0) then
if (eptenp .eq. ep)then

wite(8,*)

wite(8,*)' Maxi mum tol erance achieved.'

wite(13,*)

wite(13,*)' Maxi num tol erance achieved.'
end if
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call Devi ations(ndata, n, p, pmax, Q ukb, P, U, epmax, r ns, CA)
if ( (ansrns .eq. 'Y .or. ansrns .eq. 'y') .and.

1 roms .gt. eprms) then
wite(8,*)
wite(8,*) epmax, rns = ',epnmax,' ',rne

eptenp = al pha * epmax
wite(8,*) eptemp ="', eptenp
cal | SpanTest (ept enp, ndat a, n, p, Q ukb, P, U, nonspan

1 i nonspan)
else if ( (ansrns .eq. 'Y .or. ansrns .eq. 'y') .and.
1 roms .le. eprms) then
wite(8,*)' rnms tol erance achieved
wite(8,*) epmax, rns = ',epmax,' ',rmns
end if
end if
* if there are non-convergi ng spans, and new n > nmax:

if ( inonspan .gt. 0 .and. n + inonspan .gt. nmax ) then
wite(8,*)' dobal approxinmation not converged, and next
1 ,"iteration will exceed maxi mumn. Aborting...'

wite(1l3,*)"' d obal approximation not converged, and next

1 ,"iteration will exceed naxi mumn. Aborting...'
cl ose(13); cl ose(8)
st op
* if there are non-convergi ng spans, and new n <= nnax:

elseif ( inonspan .gt. 0 .and. n + inonspan .le. nmax )then
cal | NewU( ndat a, n, nonspan, i nonspan, p, ukb, U, Unew)
nknot = n+p+1

wite(8,*)
wite(8,*) Potential new U for n ="',n
wite(8,*)' New mknot = ', nknot
wite(8,20)(i,Unewi),i=0,nknot)
wite(8,*)
call Verify(ndata, n, p, ukb, Unew, success)
i f (success) then I The new knot vector created by inserting
do i =0, nknot I new knots at m dpoints of non-converging
U(i)=Unew(i) ! spans is OK. Save new knot vector
end do I to log file.
wite(8,*)
wite(8,*)' New Knot Vector OK for n =',n
el se
wite(8,*) Modified knot vector had span with no ',
1 'parameter value. Redistributing knots to ',

NASA/CR—2004-213071 38



2 ‘create all new knot vector.'
nr edi st =nr edi st +1
if (nredist .le. nredistmx) then
nval ues( nredist ) =n

el se

doi = 1,nredistmax -1

nval ues(i)=nval ues(i +1)

end do

nval ues(nredi stmax) = n
end if
call Knotvec (ndata,n, p, ukb, Unew)
wite(8,*)
wite(8,*)" All new knot vector Unew(i) for n ="' ,n

wite(8,*) Before Verify'
wite(8,20)(i,Unewi),i=0,nknot)

wite(8,*)
call Verify(ndata, n, p, ukb, Unew, success)
if (success) then ! Redistributed knot vector is OK
do i =0, nknot
U(i ) =Unew(i)
end do
wite(8,*)' New Knot Vector OK for n =',n
* I f endpoint derivatives are specified, define new control
* pts P(1) and P(n-1)

if (offset .eq. 2) then
P(1,1)=Q(1,0)+ U(p+1l)/p * DO(1)
P(2,1)=Q(2,0)+ U(p+1l)/p * DO(2)
P(1,n-1)=Q1,ndata)- (1.0 - U(n))/p * Dm(1)
P(2,n-1)=Q(2,ndata)- (1.0 - U(n))/p * DM 2)

end if
el se

wite(8,*) Totally new knot vector still has',
1 ' span with no ukb val ue."’

wite(*,*)" Totally new knot vector still has',
1 ' span with no ukb val ue."’

wite(1l3,*)"' Totally new knot vector still has',
1 ' span with no ukb val ue."'

if (eptenp .eq. ep) then
wite(8,*)' Maxi mumtol erance specification ',

1 ep,' is too small"’
wite(13,*)' Maxi num tol erance specification ',
1 ep,' is too small"’
el se
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wite(8,*)' RM5 error spec is too small. Actually',

1 ' achieved rms of ',rns
wite(1l3,*)"' RVMS error spec is too small. Actually',

1 ' achieved rms of ',rns

end if

cl ose(13)

stop

end if
end if

end if
end do
wite(8,*)'n, nmknot ep ="',n,' ' ,nknot,' ',ep
wite(8,*)
wite(8,*) Control points P(1,j) & P(2,j) for n =",n
wite(8,30)(j,P(1,j),P(2,j),]j=0,n)
wite(8,*)

wite(8,*)" Knot Vector U(i)
write(8,20)(i,U(i),i=0,mnmknot)
cl ose(8)

open(12,file="nurbs'//run//'.dat")
wite(1l2,30)p
wite(12,30)n
write(12, 30) nknot
do i = 0, nknot
wite(12,10)U(i)
end do
doi =0, n
wite(1l2,10)P(1,i),P(2,i)
end do
cl ose(12)
if (ansrms .eq. 'Y .or. ansrns .eq.'y') then
wite(1l3,*)' RVS tol erance spec achieved.'
end if
wite(13,*)"' Knot vector redistributed for
wite(13,*)'follow ng values of n. If redistribution'
wite(13,*)" occured nore than ', nredistmax, ' tines,’
wite(1l3,*)'only last ',nredistmax,' tines are reported.’
write(13,40)(nvalues(i),i=1, mn(nredist, nredi st max))
wite(1l3,*)' Knot vector was redistributed a total of ', nredist,
1 " tines.'
wite(1l3,*)
wite(13,*)' Final value of n: ',n
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wite(13,*)

if (offset .eq. 1) then
DO(1)=p*(P(1,1)-P(1,0))/U(p+l)
DO(2)=p*(P(2,1)-P(2,0))/U(p+l)
Dm(1)=p*(P(1,n)-P(1,n-1))/(1.0-U(n))
Dm(2) =p*(P(2,n)-P(2,n-1))/(1.0-U(n))
DOL = sqrt(DO(1)*DO(1)+D0(2)*D0(2))
DL = sqrt (Dm(1) *Dn(1) +Dm(2) *Dn( 2) )
phi O=at an2(DO(2), D0(1))*180./p
phi mrat an2(Dm(2),Dn{1))*180./p
wite(13,*)' Endpoi nt Derivative Information:'
wite(1l3,*)' Pol ar angle (degrees):"

wite(13,*)" upper: ',phiO

wite(13,*)" lower: ',phim

wite(1l3,*)' Lengths:

wite(13,*)" upper: ',DOL

wite(13,*)" lower: ', DL
end if
wite(13,*)" Maxi num nomi nal devi ati on between NURBS curve
wite(1l3,*)"'and ice data: ', epmax
wite(13,*)" Nomi nal rns deviati on between NURBS curve
wite(1l3,*)"'and ice data: ',rns
cl ose(13)

open(14,file="cukb'//run//'.dat")
wite(1l4,60)(CA(L,i),CA(2,i),i=0,ndata)
ndat a=nRdat anax
du=1. 0/ dbl e( ndat a)
u(0)=0.0
do i=1, ndata

u(i)=u(i-1)+du
end do
call FindSpanA(ndata,n,p,u ,U spanA)
call NCurveA( ndata, n, p, pmax, spanA, u,

1 P, UCA)
open(7,file="icecv'//run//'.dat")
do i = 0,ndata

wite(7,10)CA(1,i),CA(2,i)
end do
cl ose(7)
stop

10 format (1x, 3(e22. 16, 2x))
20 format (1x,i 3, 3x, f 14. 10)
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30 format (1x,i 3, 3x, f 14. 10, 3x, f 14. 10)
40 format (1x, 10i 5)
50 format (1x,f6.1," and ',f6.1)
60 format (1x, 2(f14. 10, 2x))
end

Rk I Sk b Sk R R R Rk b R I S S R R Sk R R R O I

khkhkkhkhkhkhkhhkhkhhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhkhhkhkhhhhhhhkhhhhdhhhrdhkhkkhkrkk kkk*x*x
i nteger function FindSpan(n,p,u,U

khkkkhkhkhkhkhhkhkhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhhhhkhdhhkhdhhhkhhkhkhkhkrkk kkkx**x

R I I I R S I S I R I R I R O I R I

* Fi ndSpan cal cul ates the span index of a curve paranmeter u via a

* bi section routine
khkkkhhkkkhhhkhkhhhkkhhhkhhhhkhhhhhhhkhhhhhhdxddhhkdhdddhxhdhdxddhxhkdhdxddxddhdxddxrdx**x%
* Record of Revi sions:

*

* Dat e Pr ogr aner Descri pti on of Change

* === =" s s

* 05/ 20/ 03 Loren H Dill Original code

*

LR R R I R I I I R O I I S I S R I R R I I R S

* Mai n Vari abl es *
* n Largest index of control pnts vector *
* p Degree of basis functions *
* u curve paraneter *
* U knot vect or

R I I I I S R S R R R I R I

* Reference: Piegl & Tiller, p.68

inmplicit none

i nteger n,p,low high,md
doubl e precision u, U(O:n+p+l)

if(u .eq. Un+tl)) then

Fi ndSpan = n
return
end if

I ow=p; hi gh=n+1; m d=(1 ow+hi gh)/2
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* kkkk*k

* Kk kk k%

*

*

*

* kkk k%

*

* kkk k%

*

do while((u .l1t.Umd)) .or. (u.ge. U(md+1)))
if( u.lt. Unid)) then

high = md
el se
low = md
endi f
md = (low+high)/2
end do

Fi ndSpan = nmid

return
end

LR I R I I R I I R I I A I I R I R S I I I

subrouti ne Fi ndSpanA(ndat a, n, p, ukb, U, spanA)
kkkkkhkkhkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhkhkhhkhkhkhkhkhkhkkhkhkhkhk kikhkkkkkk i,k *k*x*%
Fi ndSpanA cal cul ates the span indices corresponding to an array

of curve paraneters ukb. Uses sanme al gorithm as FindSpan, but

nodi fied for an array of curve paraneter val ues.

LR I R I I R I I R I R A O R S R S I I R R I O

Record of Revi sions:

Dat e Pr ogr amer Descri pti on of Change
05/ 20/ 03 Loren H Dill Original code
khkkkhhkhkkhkhhkhkkhhhkkhhhhkdhhhhhkhddhhhdhdxkddhhxhdhdxkddhhdhdxkddhddhxddhdkddxrdhxx**%
Mai n Vari abl es *
| NPUT
ndat a Largest index of data array ukb *
n Largest index of control pnts vector *
p Degree of basis functions *
ukb 1-D array of curve paraneter val ues *
U knot vector *
QUTPUT
spanA 1-D array of indices for ukb data

*
kkhkhkkhkhkkhkhkkhkhkhkkhkhkdhkhkhkhkhkhkkhkhkhkhhkdhkhkdhkhdhkhkdhkhkkhkhhkhhkdhkhkdhkhdhkhdkhkkhkhkhkhkhkdkhkdkdrdkdrdkhkhkhkhhkhdkxdxx

Reference: Piegl & Tiller, p.68
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inmplicit none

i nteger i,ndata,n,p,!low high,md
i nt eger spanA(0: ndat a)
doubl e precision ukb(0:ndata), U(O:n+p+1)

do i =0, ndat a
i f(ukb(i) .eq. U(n+l)) then
spanA(i) =n
el se
I ow=p; hi gh=n+1; m d=(1 ow+hi gh)/2
do while((ukb(i) .1t.Umd)) .or. (ukb(i) .ge. U(md+1)))
if( ukb(i) .I1t. Umd)) then
high = md
el se
low = nmid
end if
md = (| owt+high)/2
end do
spanA(i) = md
end if
end do

return
end

EE R R I S R I I I A R S A R S S

* *
subrouti ne NBasis( i, nmknot,p,u,U N)

* *

R I I I I R I I I O O S S R I S R O I I R I I

* NBasi s cal cul ates the p+1 non-zero basis functions wthin knot *
* span index i *
* *

LR I I I R I I I R R I R I R R I R S

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
* ==== = Cc S
* 05/ 20/ 03 Loren H Dill Original code

*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhddhddhrddrkdrkk*x*x
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* I NPUT Vari abl es *

* [ knot span index of u

* nknot | argest index of U *
* p degree of NURBS curve *
* u val ue of curve paraneter

* U knot vector of length mtl *
* *
* QUTPUT Vari abl e *
* N Basi s function array: (N(i-p,p), ..., Ni,p)) *
* *

R I I I R S I S I R I R I R O I R I

* Reference: Piegl & Tiller, p.70

inmplicit none

i nteger i,j,nknot,p,r
doubl e precision u, U0:nknot), N(O:p),left(p),right(p), saved,tenp

N(0)=1.0
do j=1,p
left(j) = u-U(i+1-j)
right(j) = Ui+)-u
saved = 0.0
do r=0,j-1
temp = N(r)/(right(r+1)+left(j-r))
N(r) = saved + right(r+1) * tenp
saved = left(j-r) * tenp
end do
N(j) = saved
end do
return
end

kkhkhkkhkhkkhkhkkhkhkhkkhkhkhkhkhkhkkhkhkkhkhhkdhkhkdhkhdhkhdhkhkkhkhkhkhhkdhhkdhkhhkhkdhkhkhkhhkhhkdhkhkdhkhhkhdhkhkhkhokhkhkhkdhkhkdkhrhkdkhdxkhdk*x

* *
subrouti ne NBasi sA( ndata, mknot, p, pmax, spanA, ukb, U, NA )

* *

R I R I I R I I I I R I I S S S I S I R S I R I R I R I R I I O

* NBasi sA cal cul ates the p+1 non-zero basis functions correspondi ng*
* to each elenent in the 1-D array of paraneter val ues ukb *
* *

LR I I I I R I S I S I R S R R I R R O I I R I O

* Record of Revi sions:
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* 05/ 2003

Pr ogr amer

Loren H Dill

Descri pti on of Change

Original code

R R I R R I I I I I I R S S I S R I R R I R O O

* I NPUT Vari abl es *
* ndat a | argest index of paraneter array ukb *
* nknot | argest index of U *
* p degree of NURBS curve *
* prmax hi ghest possi bl e degree of NURBS curve *
* spanA 1-D array of span indices corresponding to ukb *
* ukb 1-D array of curve paraneter val ues *
* U knot vector of |ength nknot+1 *
* *
* QUTPUT Vari abl e *
* NA Basis function 2-D array. Colum i contains to the *
* p+1 non-zero basis functions for given ukb(i) *

*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhdhhhkhhhkhhhkhhkhkhhhhhhhhdhhhddhrdkhkhkkhrkk rkk*x*x

* Ref er en

*

ce:. Piegl & Tiller

inmplicit none

i nt eger
i nt eger

do i =0,
NA( O
do j

I

r

S

d

e

p. 70

i,j,ndata, nknot !, of fset

p, pmex, r, spanA(0: ndat a)

doubl e precision ukb(0: ndata), U(0: nknot), NA(O: prmex, 0: ndat a)
doubl e precision left(p),right(p), saved,tenp

ndat a
,1)=1.0
:1’ p

eft(j) = wukb(i)-U(spanA(i)+1-j)
ight(j) = U(spanA(i)+j)-ukb(i)

aved = 0.0
or=0,j-1
temp = NA(r,i)/(ri
NA(r,i) = saved +
saved = left(j-r)
nd do

NA(j,i) = saved

end

do
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end do
return
end

khkhkkhkhkhkhkhhkhkhhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhkhhhhhhhhhhkhhhhdhhhkhdhkhdkhrkk kkkx**x

subrouti ne Cparam ( ndata, Q ukb )

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhhhhhhhhhhhhhhhhkhhkhhhhhhhhkhhhkhhhhrdkhkhkkhkrkk rkkx**x

* *
* Conputes a normalized paranetric variabl e based upon arc length *
* for a 2D Cartesian curve. *
* *

R I I I R S I S I R I R I R O I R I

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
* ==== = Cc S
* 4/ 14/ 03 Loren H Dill Original code

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhdhhddhkhddhrkkdrkk**x

* | NPUT VARI ABLES

* ndat a ndata + 1 = Nunber of points defining curve

* Q (x,y) Cartesian coordinates for curve (2-D array)
*

* QUTPUT VARI ABLE

* ukb Parametric variable for curve (1-D array)

khkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhdhhhhhhhhhhhhhhhhhhkhhhhhhhhhhhddhddhkrkdhkrkk rkkx*x*x

inmplicit none

i nteger ndata, k

doubl e precision ukb(0: ndata), 2, 0: ndat a)

* Conpute the paranetric vari able ukb based on arc | ength and
* normalize to unity
ukb(0) = 0.0

do k = 1, ndata

ukb(k) = ukb(k-1) +
1 saqrt( ( Q1,k) - Q1,k-1) )*( A1,k) - Q1,k-1) )
2 + (A2, k) - QA2,k-1) )*( A2,k) - A2, k-1) ) )

end do
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*kkkk*k

*kkkk*k

* kkkk*k

* Kk kkk*k

do k = 1, ndata - 1
ukb(k) = ukb(k)/ukb(ndata)
end do

ukb(nmdata) = 1.0

return
end

khkkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhhhhhhhhhhhhhkhhhhhhhhdhhhdhdkhkhdhkrkkhkrkkdrkk**x

subrouti ne Knotvec( ndata, n, p, ukb, U)
khkkkhhkkkhkhhkhkkhhhkkhhhhkkhhhkhhhhkhdhhhdhdkhdhhhdhdxddhhdhdxkddhddhxrdhrhkddxrdkxx*x*%
Knotvec cal cul ates a knot vector for global approximtion based *
upon equations (9.68) and (9.69) of Piegl and Tiller (1997). *
The routine is said to guarantee that every knot span contains *
at |l east one ukb point, resulting in a matrix NINB that is
positive definite and well-conditioned. *

khkkkhkhkhhkhkhhkhkhhkhhhkhkhhhhhdhhhdhhhdhhhhhhhhhkhhhhhhhhkhhhdhdhddhkrdhkrkdrkk**x

Record of Revi sions:

Dat e Pr ogr aner Descri pti on of Change
05/ 20/ 03 Loren H Dill Original code
kkhkhkkhkhkkhkhkkhkhkhkdhkhkdhkhdhkhkkhkhkkhkhkhkhhkdhkhkdhkhhkhkhkhkkhkhhkhhkdhhkdkhdhkhdkhokhkhokhkhkhkdhkhkdkhdkhrdkhkhkhkhhkhdxxdxx

Mai n vari abl es *

*
| NPUT *
ndat a m+l i s nunber of data points *
n n+l i s nunmber of control points in approximation *
p degree of nurbs curve approxi mation *
ukb array of paraneter values corresponding to data points *

*
OUTPUT *
U knot vector of length n + p + 2 *
kkhkhkkhkhkkhkhkkhkhkhkkhkhkhkhkkhkhkhkhkkhkhkkhkhhkdhkhdhkhdhkhkhkhkhkhbhkhhkdhhkdhkhdkhdhkhkkhkhokhkhkhkdhhkdkdrdhkhrdkhkhhkhhhdkkdxx

inmplicit none
integer i,j,ndata,n,p
doubl e precision d, alpha, ukb(0:ndata), U(0: n+p+1)
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doi =0,p

Ui)=0.0
U(n+p+1l-i)= 1.0
end do

d = dble( ndata+1l )/dble( n-p+1 )
doj =1, n-p

i =int(j *d)
alpha = dble( j )* d -dble( i )
Up+j)=(121.0- alpha)* ukb( i - 1) +
1 al pha * ukb( i )
end do
return
end

R I R I R I I I S I R S I R R R I R I I O

subroutine NCurve( n,p,u, P, UC)

R I R I I I I I R O I R S I S I R I R I R I I R I O

* *
* Subroutine NCurve cal cul ates the (x,y) point corresponding to *
* scal ar paraneter u of a nonrational NURBS 2-D curve. *
* *

khkkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhhhhkhhhkhhhkhhhhhhhhhhhdhhhdhhhddhddhkrddrkk rkk**x

* Record of Revi sions:

*

* Dat e Pr ogr aner Descri pti on of Change
* === =" s s
* 05/ 20/ 03 Loren H Dill Original code

*

R I I I I S R S R R R I R I

* *
* | NPUT VARI ABLES *
* *
* n n+l i s number of control points *
* p degree of B-spline *
* u curve paraneter *
* P control points, 2-D array in colum format *
* U knot vector *
* *

R R I I I I I S I R O R R I I R I I

* *
* QUTPUT *
* *
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* C cal cul ated (x,y) point on NURBS curve, 1-D array *

* *

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhkhhhhhhhdhhhhhhhhhhhhhhhhhhhhhhhkdhhhdhhhkhkhkhkkhkrkk kkkx**x

inmplicit none

integer i,j,k, nknot, n, p
i nteger Fi ndSpan

doubl e precision u, P(2,0:n ), U  0:n+p+l )
doubl e precision N(O:p)
doubl e precision C(2)

nknot =n+p+1

i = FindSpan( n,p, u, U)

call NBasis( i, nmknot, p, u, U N
C(1) =10.0

C(2) =0.0

j=i-p

* Sum t he nonzero ternms only
do k =0, p

A1)

aA2)

end do

C(1) + N( k) *~P( 1, j +k)
C(2) + N k) *P( 2, ] +k)

return
end

khkkkhhkkkhhhkhkhhhkkhhhkhhhhkhhhhdhhhkhhhhdhhddhhdhdddhxrdhdxddhxhdhdddxddhdxddxrdkxx*x%
*

subrouti ne NCurveA( ndata, n, p, pmax, spanA,u, P, U CA)
*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhhhhhhhhhhkhhkhhhhhhdhhhdhhhddhddhkrkhrkk rkk*x*x

* *
* Subroutine NCurveA calculates all (x,y) points corresponding to *
* the 1D array u for a nonrational NURBS 2-D curve

* *

R R I I I I I S I R O R R I I R I I

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
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* 05/ 20/ 03 Loren H Dill Original code

R I R R I I I R I O I R I I S I R I R R I I R I O

* *
* | NPUT VARI ABLES *
* *
* ndat a | argest index of paraneter vector u

* n | argest index of control points *
* p degree of NURBS curve *
* prmax maxi mum degree of NURBS curve

* spanA 1-D array of span indices corresponding to ukb *
* u curve paraneter, 1-D array *
* P control points, 2-D array in columm fornmat *
* U knot vector *
* *

khkhkkhkhkhkhkhhkhkhhhkhhhhhhhhdhhhdhhhdhhhhhhhhhhhhhhhkhhhhhdhhhdhhhddhrdhkrkdhrkk rkkx**x

* *
* OUTPUT *
* *
* CA cal cul ated array of (x,y) points on NURBS curve, *
* 2-D array *
* *

R I R R I R S S R I R I I R I R

inmplicit none

integer i,j,k, ndata, nmknot, n, p, pnax
i nteger spanA(0: ndat a)

doubl e precision u(0:ndata), P(2,0:n ), U( O:n+p+l )
doubl e precision NA(O: pmax, 0: ndat a)
doubl e precision CA(2,0:ndat a)

call NBasi sA( ndata, nknot,p, pmax, spanA, u, U, NA)
do i =0, ndat a
CA(1,i) 0.0
CA(2,i) 0.0
j = spanA(i) - p
do k =0, p
CA(L,i) = CA(L i) + NA(k, i
CA(2,i) = CA(2,i) + NA(k, i
end do

*PC L) o+ k)

)
) * PC 2, j +k)
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end do

return
end

EE R R I S R I I I I S I I A R A I I S I S R A S S R S S
*

subrouti ne Rkarray(ndata, n, of fset, p, pmax, spanA, Q ukb, P, U, NA, Rk)
*

R I R O R O I I S I R O R I R I R S I

* *
* Rkarray calculates a 2-D array that contains the m1 values for *
* the x- and y- conponents for egn 9.63 in Piegl & Tiller if end *
* derivatives are free (offset = 1). If end derivatives are fixed *
* (offset = 2), the algorithmis appropriately nodified. *
* *

khkhkkhkhkhkhkhhkhkhhhkhhhhhhhhdhhhdhhhdhhhhhhhhhhhhhhhkhhhhhdhhhdhhhddhrdhkrkdhrkk rkkx**x

* Record of Revi sions:

*

* Dat e Pr ogr aner Descri pti on of Change
* === =" s s
* 05/ 20/ 03 Loren H Dill Original code

R I R R I R S S R I R I I R I R

* *
* | NPUT VARI ABLES *
* *
* ndat a | argest index of paraneter vector u

* n | argest index of control points *
* of f set i ndi cat es whet her endpoint derivatives are free

* (1) or fixed (2)

* p degree of NURBS curve *
* prmax maxi mum degree of NURBS curve

* spanA 1-D array of span indices corresponding to ukb *
* Q (x,y) prescribed data, 2-D array

* ukb curve parameter, 1-D array *
* P control points, 2-D array in colum format *
* U knot vector *
* NA array of nonzero basis functions corresponding to ukb

* *

khkhkkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhdhhhhhhhhhhhhkhhhkhhhhhdhhhhhhdhdhddhkhddhrkk rkkx**x

* *

* QUTPUT *
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* *

* Rk 2-D array containing m1 values. Required for calcul ation
* of right-hand side of matrix equation.
* *

khkhkkhkhkhkhkhhkhkhhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhkhhhhhhhhhhkhhhhdhhhkhdhkhdkhrkk kkkx**x

inmplicit none

i nteger k,ndata, n, offset, p, pmax, spanA(O: ndat a)

doubl e precision Q2,0:ndata), ukb(0: ndata), U(0: n+p+1)
doubl e precision NA(O: pmax, 0: ndat a), Rk( 2, 0: ndat a)
doubl e precision P(2,0:n)

* Cal cul ate the Rk vectors.
do k=1, ndata-1
Rk(1, k) =Q(1, k)
Rk(2, k) =Q(2, k)
if (spanA(k) .eq. p) then
Rk(1, k)= Rk(1,k) - NA(O,k) * P(1,0)
Rk(2,k)= Rk(2,k) - NA(O,k) * P(2,0)
if (offset .eq. 2) then
Rk(1, k)=Rk(1, k)-NA(L, k)*P(1,1)
Rk(2, k) =Rk(2, k)-NA(1, k)*P(2,1)
end if
end if
if (offset .eq. 2 .and. spanA(k) .eq. p+1l) then
Rk(1, k) =Rk(1, k) -NA(O, k) *P(1,1)
Rk(2, k) =Rk(2, k)-NA(O, k) *P(2, 1)
end if
if( offset .eq. 2 .and. spanA(k) .eqg. n-1) then
Rk(1, k) =Rk(1, k) - NA(p, k) *P(1, n-1)
Rk(2, k) =Rk(2, k) -NA(p, k) *P(2,n-1)
end if
i f( spanA(k) .eq. n )then
if (offset .eq. 2) then
Rk(1, k) =Rk(1, k)-NA(p-1,Kk)*P(1,n-1)
Rk(2, k) =Rk(2, k) -NA(p-1,K)*P(2,n-1)
end if
Rk(1, k)= Rk(1,k) - NA(p, k)*P(1,n)
Rk(2, k)= Rk(2,k) - NA(p, k)*P(2,n)
end if
end do
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return
end

R I R R I I I R I O I R I I S I R I R R I I R I O

*

*

subrouti ne Ri ght HandSi de( ndat a, n, nmax, of f set, p, pmax, spanA, NA, Rk, R)

R R I R R I I I I I I R S S I S R I R R I R O O

Ri ght HandSi de cal cul ates the R array, a n-1 X 2 array, which
corresponds to the right side of egn. 9.65 of Piegl & Tiller if
end derivatives are free (offset = 1). If end derivatives are
fixed (offset = 2), the algorithmis appropriately nodified.

*

*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhddhddhkrddhkrkk rkkx**x

*

Record of Revi sions:

05/ 20/ 03

Pr ogr aner Descri pti on of Change

Loren H Dill Original code

EE R I I I O I R I O I I O I R I S R I R I I R I I R O O

I NPUT VARI ABLES

ndat a
n
nmax
of f set

pmax
spanA
NA

Rk

| argest index of paraneter vector u

| argest index of control points

| argest value of n pernmitted

flag indicating whether endpoint derivatives are free
(1) or fixed (2)

degree of NURBS curve

maxi mum degree of NURBS curve

1-D array of span indices corresponding to ukb

array of nonzero basis functions corresponding to ukb
array corresponding to eqn. 9.65 of Piegl & Tiller

*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhhhhhhhhhhkhhkhhhhhhdhhhdhhhddhddhkrkhrkk rkk*x*x

*

QUTPUT

R

Ri ght - hand side of linear matrix equation

khkhkkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhdhhhhhhhhhhhhkhhhkhhhhhdhhhhhhdhdhddhkhddhrkk rkkx**x

*

inmplicit

none
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i nteger j,k,ndata, n,nmax, offset, p, pmax, row, spanA(0: ndat a)
doubl e precisi on NA(O: pmax, 0: ndat a), Rk( 2, 0: ndat a) , R( nmax- 1, 2)
do j =of f set, n- of f set
R(j +1-of fset,1)=0.0
R(j +1-of fset, 2)=0.0
do k=1, ndata-1
row = j-(spanA(k)-p)
if ( (row.ge. 0) .and. (row .le. p) ) then
R(j +1-of fset,1) = R(j+1-offset, 1) +
NA(row, K) * Rk (1, k)
R(j +1-of fset,2) = R(j+1l-offset,2) +
NA(row, K) * Rk (2, k)
end if
end do
end do
return
end

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhdhhddhkhddhrkkdrkk**x

subroutine ABMatri x (ndata, n, of fset, p, pmax, spanA, NA, NTNB)

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhdhhhkhhhkhhhkhhkhkhhhhhhhhdhhhddhrdkhkhkkhrkk rkk*x*x

*

AMat ri x computes the NTN matrix of Piegl and Tiller, p. 411
stores the matrix in upper band form suitable for Lapack
subrouti ne dpbsv. Matrox NTN has p superdi agonal s.

*

and *

*

*

*

khkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhdhhhhhhhhhhhhhhhhhhkhhhhhhhhhhhddhddhkrkdhkrkk rkkx*x*x

*

Record of Revi sions:

Dat e Pr ogr amer

05/ 20/ 03 Loren H Dill Original code

I NPUT VARI ABLES

ndat a | argest index of input data

n | argest index of control vectors

of f set flag for derivatives specification: 1 if not, 2
speci fied

p current degree of NURBS curve

prmax parameter, max degree of NURBS curve
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* spanA 1l-array of span indices corresponding input data *

* NA a 2-D array containing the p+l1 non-zero basis *
* functions corresponding to each data point. *
* *

khkhkkhkhkhkhkhhkhkhhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhkhhhhhhhhhhkhhhhdhhhkhdhkhdkhrkk kkkx**x

* OQUTPUT *
* *
* NTNB The NTN (Transpose(N) * N) array using band storage *
* *

R I R O R O I I S I R O R I R I R S I

inmplicit none

i nteger i,j,k,ndata, n, of fset, p, pmax

i nteger kd, row,row,row, spanA(0: ndat a)
doubl e precisi on NA(O: pmax, 0: ndat a)
doubl e precisi on NTNB(pmax+1, n-1)

kd=p
do i=of fset, n-of f set
do j =i, n-of fset
if( max(1,j+1-offset-kd) .le. i+1-offset)then
row=kd+1+i -j
NTNB(row, j +1-of fset)=0.0
do k=1, ndata-1
rowi = i-(spanA(k)-p)
row = j-(spanA(k)-p)
if ( (rom .ge. 0) .and. (row .le. p)
1 .and. (rowj .ge. 0) .and. (rowj .le. p) ) then
NTNB(row, j +1-of fset) = NTNB(row, j +1-offset) +
1 NA(row , k) * NA(row , k)
end if
end do
end if
end do
end do
return
end

khkhkkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhdhhhhhhhhhhhhkhhhkhhhhhdhhhhhhdhdhddhkhddhrkk rkkx**x

subrouti ne SpanTest (ep, ndat a, n, p, Q ukb, P, U, nonspan, i)

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhddhddhrddrkdrkk*x*x
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* SpanTest returns in variable nonspan the indices of spans in U *
* t hat have not converged. In order for a span j to converge, the *
* di stances | C(ukb(k))-Q k)| must be less than or equal to ep, the

* di stance criterion, for all ukb(k) located in span j. Variable i *
* gi ves the the nunber of non-converging spans in knot vector U. *
* Here, Q k)= ( x(k),y(k) ) is one of the prescribed iced-airfoil *
* dat a points. *
* *

R I R O R O I I S I R O R I R I R S I

khkkkhkhkhkhkhhkhkhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhhhhkhdhhkhdhhhkhhkhkhkhkrkk kkkx**x

* Record of Revi sions:

*

* Dat e Pr ogr aner Descri pti on of Change
* === =" s s
* 05/ 20/ 03 Loren H Dill Original code

R I R I I I I I R O I R S I S I R I R I R I I R I O

* *
* | NPUT VARI ABLES *
* *
* ep nom nal tol erance between NURBS curve and each data

* poi nt

* ndat a | argest index of input data *
* n | argest (current) index of control vectors *
* p current degree of NURBS curve *
* Q (x,y) the prescribed data, 2D array

* ukb paranmeter array corresponding to data

* P control points of NURBS curve

* U knot vector of NURBS curve
khkkkhhkkkhhhkhkhhhkkhhhkhhhhkhhhhdhhhkhhhhdhhddhhdhdddhxrdhdxddhxhdhdddxddhdxddxrdkxx*x%
* OUTPUT *
* *
* nonspan 1-D array containing indices of non-convergi ng spans

* [ nunber of non-convergi ng spans

* *

khkhkkhkhkhhkhkhhhkhhhkhhhkhhhhhhhhdhhhdhhhdhhhhhhkhhhhhhhhhhhdhhhdhhhddhddhkrddhkrkk rkkx**x

inmplicit none
i nteger p,n, ndata, nknot, nonspan(n+1-p)

i nteger i,j,k,spanA(0O: ndat a), of f set
doubl e precision P(2,0:n), U 0: ntp+l1), ukb(0: ndat a)
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doubl e precision Q2,0: ndat a)
doubl e precision ep, C(2), epsq,distancesq,diff(2)

nknot = n+p+1
offset = 1
epsg=ep*ep ! Actually conpare the squared distances

cal |l Fi ndSpanA(ndat a, n, p, ukb, U, spanA)
wite(8,*)
k=1
i =0
do while (k .le.ndata-1)
call NCurve( n,p,ukb(k), P, UC)
diff(1)= C(1)-Q1,Kk)
diff(2)= C(2)-Q2,Kk)
di stancesqg=di ff (1) *diff(1)+diff(2)*diff(2)
if (distancesq .gt. epsq) then
wite(8,*)' non-convergi ng span, spanA(k) ="', spanA(k)
i =i+l
nonspan(i )= spanA(k)
i f(spanA(k) .eqg. n) then

k= ndat a
el se
j =k+1
do while (spanA(k) .eq. spanA(j) )
i =i +1
end do
k =j-1
end if
end if
k=k+1
end do
return
end

LR I I I R I I I R R I R I R R I R S

subrouti ne Devi ati ons(ndat a, n, p, pmax, Q ukb, P, U, eprmax, r s, CA)

R I R I I R I I I I R I I S S S I S I R S I R I R I R I R I I O

*

*

Devi ations returns in variable epmax the maxi mum nom nal di stance
bet ween the nurbs curve and the discrete ice data by eval uating
all distances | C(ukb(k))-QKk)| Here, Qk)= ( x(k),y(k) ) is one
of the prescribed iced-airfoil data points. The routine also

NASA/CR—2004-213071 58



* returns curve values CA = C(ukb) for each paraneter value ukb

* Devi ati ons al so cal cul ates and returns the root nmean squared

* di stance (rms) fromthe data to the curve. This is again a

* nom nal value in the sense that the curve passes somewhat cl oser

* to the each data point than is represented by | C(ukb(k))-QKk)]|.

* *

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhhhhhhhhhhhhhhhhkhhkhhhhhhhhkhhhkhhhhrdkhkhkkhkrkk rkkx**x

* Record of Revi sions:

*

* Dat e Pr ogr aner Descri pti on of Change

* === =" s s

* 5/ 20/ 03 Loren H Dill Original code

* 5/ 22/ 03 L.H DIl Added rms capability

EE R R I I S S I S I I R I I A I R S S R S S
* | NPUT VARI ABLES *
* *
* ndat a | argest index of input data *
* n | argest (current) index of control vectors *
* p current degree of NURBS curve *
* prmax paranmeter, max degree of NURBS curve *
* Q (x,y), the prescribed data, 2D array

* ukb parameter array corresponding to data

* P control points of NURBS curve

* U knot vector of NURBS curve
khkkkkhhkkkhkhhkhkhhhkhhhkhhhhkhhhhhhhddhhdhddhhhdhdddhxrdhdxddrxddhdxddxrdhdxddxkdxx*%
* OUTPUT *
* *
* epmax maxi mum nom nal devi ati on bet ween NURBS curve and

* prescri bed data

* rms root nean square devi ation between the curve and

* prescri bed data

* CA array containing all the x-y val ues al ong the NURBS

* curve corresponding to curve paraneter val ues ukb

* *

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhhhhhhhhhhkhhkhhhhhhdhhhdhhhddhddhkrkhrkk rkk*x*x

inmplicit none

i nteger p,n, ndat a, nknot, prmax

i nteger k, spanA(0: ndat a)

doubl e precision P(2,0:n), U 0: ntp+l1), ukb(0: ndat a)
doubl e precision Q2,0:ndata)

doubl e precision epmax, epmax2,rms, sum CA(2, 0: ndat a)
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doubl e precision dist2,diff(2)

nmknot = n+p+1
epmax2=0. 0
sun=0. 0

cal | Fi ndSpanA(ndat a, n, p, ukb, U, spanA)

cal |l NCurveA( ndata, n, p, pmax, spanA, ukb, P, U CA)

do k=1, ndata-1
diff(1)= CA(1,k)-Q1,Kk)
diff(2)= CA(2,k)-Q2,k)
dist2=diff(1)*diff(1)+diff(2)*diff(2)
sumesumtdi st 2
epmax2=dnmax1( epmax2, di st 2)

end do

epmax = sqrt(epnmax2)

roms = sqrt( sum dbl e(ndata-1) )

return

end

khkhkhkkhhhhkhkhkhhhhdhhhkhhkhhhhhhhkhhkhhhdhdhhhkhhkhhhhdhhkhkhhkhhhhhhkhkhhkhhhdhd h k khkkkkkkk * k%%
subrouti ne NewU( ndat a, n, nonspan, i nonspan, p, ukb, U, Unew)
khkhkhkhhhhkhkhkhhhhdhhhkhhkhhhhhhhkhhkhhhdhdhhhkhhkhhhhdhhkhkhhkhhhhhhkhkhhkhhhkhk h k khkkkkkk * k%%

*

* NewU adds a knot at the midpoint of every span that contains

* data points that have not net the distance criterion
*

R I R R I I I I R R I I S I S R I I I R R I R R I O

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
* ==== = Cc S
* 05/ 20/ 03 Loren H Dill Original code

*

khkhkkhkhkhkhkhhhkhhhkhhhhhhhhhhhdhhhhhhhhhhhhhhhkhhkhhhhhhdhhhdhhhddhddhkrkhrkk rkk*x*x

*

* | NPUT VARI ABLES

*

* ndat a Largest index of ukb, the paranmeter array

* n On input, largest index of sumin current NURBS curve
* nonspan 1-D array contai ning the span indexes of current knot
* vector that have not converged.
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* i nonspan nunber of elements in nonspan

* p degree of NURBS curve
* ukb the parameter array, of length ndata + 1
* U Original knot vector

khkhkkhkhkhkhkhhkhkhhkhhhhhhhhkhhhhhhhhhhhhhhhhhhhkhhhhhhhhhhkhhhhdhhhkhdhkhdkhrkk kkkx**x

* OQUTPUT VARI ABLE

* n Largest index of sumin new NURBS curve
* Unew New knot vect or

khkkkhkhkhkhkhhkhkhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhhhhkhdhhkhdhhhkhhkhkhkhkrkk kkkx**x

inmplicit none
i nteger i,inonspan,j, ndata, nknot, n, nonspan(inonspan+l),p

doubl e precision ukb(0: ndata), U(0: n+p+1)
doubl e precision Unew 0: ntp+1+i nonspan), unew(i nonspan)

* Set nonspan(inonspan+l) to mknot for ternination
* condi tion
nknot =n+p+1

nonspan(i nonspan+1) =nknot

do i=0,p
Unew(i)=0.0
Unew( nknot +i nonspan-i)=1.0
end do
do i=1,inonspan
unew(i) = 0.5*( U( nonspan(i) )+U( nonspan(i) + 1) )
end do
j =1
do i = p+1, nknot +i nonspan-p-1
if(i .le. nonspan(j)+ j -1) then
Unew(i)= U(i -j + 1)
el se
Unew(i ) =unewj)
j=i+1
end if
end do

n = n + inonspan
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return
end

R I R R I I I R I O I R I I S I R I R R I I R I O

subroutine Verify(ndata, n, p, ukb, U, success)

R R I R R I I I I I I R S S I S R I R R I R O O

*

* Verify checks knot vector Uto insure at |east one paraneter
* value is |located within each knot span. |If it does, output
* vari abl e success reports True. |If not, success reports Fal se

*

R I I I R S I S I R I R I R O I R I

* Record of Revi sions:

*

* Dat e Pr ogr amer Descri pti on of Change
* ==== = Cc S
* 05/ 20/ 03 Loren H Dill Original code

*

khkhkkhkhkhkhkhhkhkhhhkhhhkhhhhhhhhdhhhdhhhhhhhhhhhhhhhhhhhhdhhhdhhhdhhddhkhddhrkkdrkk**x

* | NPUT VARI ABLES

* ndat a Largest index of ukb, the parameter array
* n Largest index of control points

* p degree of NURBS curve

* ukb the paranmeter array, of length ndata + 1
* U Original knot vector

khkhkkhkhkhkhkhhhkhhhkhhhkhhhhhhhhdhhhhhhhhhhhhhhhhhhkhhhhhhhhhhhddhddhkrkdhkrkk rkkx*x*x

* OQUTPUT VARI ABLE

*

* success Logical variable indicating if .true. that a el enent of
* ukb is located within each span of new knot vector

R I I I I R I I I O O S S R I S R O I I R I I

inmplicit none

integer i,ndata, n, p ,spanA(0:ndata)
doubl e precision ukb(0: ndata), U(0: n+p+1)
| ogi cal success

success = .true.

cal | Fi ndSpanA( ndat a, n, p, ukb, U, spanA)

do i =1, ndata-1
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if (spanA(i+1l)-spanA(i) .gt. 1) then

success = .fal se.
wite(8,*)" No ukb elenent in span ', spanA(i)+1
return
end if
end do
return

end
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